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(57) ABSTRACT

A recombinant micro-organism producing resveratrol by a
pathway in which phenylalanine ammonia lyase (PAL) pro-
duces trans-cinnamic acid from phenylalanine, cinnamate
4-hydroxylase (C4H) produces 4-coumaric acid from said
trans-cinnamic acid, 4-coumarate-CoA ligase (4CL) pro-
duces 4-coumaroyl CoA from said 4-coumaric acid, and res-
veratrol synthase (VST) produces said resveratrol from said
4-coumaroyl CoA, or in which L-phenylalanine- or tyrosine-
ammonia lyase (PAL/TAL) produces 4-coumaric acid, 4-cou-
marate-CoA ligase (4CL) produces 4-coumaroyl CoA from
said 4-coumaric acid, and resveratrol synthase (VST) pro-
duces said resveratrol from said 4-coumaroyl CoA. The
micro-organism may be a yeast, fungus or bacterium includ-
ing Saccharomyces cerevisiae, E. coli, Lactococcus lactis,
Aspergillus niger, or Aspergillus oryzae.

11 Claims, 7 Drawing Sheets



US 9,404,129 B2
Page 2

(56) References Cited
U.S. PATENT DOCUMENTS

2009/0035839 Al
2009/0082286 Al
2011/0086399 Al
2011/0124067 Al
2014/0024862 Al

2/2009 Katz et al.
3/2009 Huang et al.
4/2011 Smits et al.
5/2011 Stenhuus et al.
1/2014 Katz et al.

FOREIGN PATENT DOCUMENTS

EP 0464 461 1/1992
EP 0533010 3/1993
EP 1715032 10/2006
JP 2005-53862 3/2005
JP 2001-008695 1/2011
KR 2004-0105110 12/2004
WO WO 00/73485 12/2000
WO 0210407 2/2002
WO 0210407 Al 2/2002
WO WO 2004/049832 6/2004
WO WO 2004/092344 10/2004
WO WO 2005/012507 2/2005
WO WO 2005/118814 12/2005
WO WO 2006/055322 5/2006
WO WO 2006/089898 8/2006
WO WO 2006/111163 10/2006
WO 2006125000 11/2006
WO 2006125000 A2 11/2006
WO WO 2006/124999 11/2006
WO WO 2008/009728 1/2008
WO WO 2009/016108 2/2009
WO WO 2009/124879 10/2009
WO WO 2009/124966 10/2009
WO WO 2009/124967 10/2009
WO WO 2011/147818 12/2011
ZA 20048194 10/2004
OTHER PUBLICATIONS

Gonzalez-Candelas et al. The use of transgenic yeasts expressing a
gene encoding a glycosyl-hydrolase as a tool to increase resveratrol
content in wine, International Journal of Food Microbiology, vol. 59,
Issue 3, Sep. 10, 2000, pp. 179-183.*

Allina, et al. “4-coumarate: Coenzyme A ligase in hybrid poplar.
Properties of enzymes, cDNA cloning, and analysis of recombinant
clones.” Plant Physiol. 116, 1998. pp. 743-754.

Aoyama, et al. “NADPH-cytochrome P-450 reductase of yeast
microsomes.” Arch. Biochem. Biophys. 185, 1978. pp. 362-369.
Austin, et al., “An Aldol Switch Discovered in Stilbene Synthases
Mediated Cyclization Specificity of Type III Polyketide Synthases”,
Chemistry & Biology, vol. 11, pp. 1179-1194, Sep. 2004.
Baedeker, et al., “Autocatalytic Peptide Cyclization during Chain
Folding of Histidine Ammonia-Lyase”, Structure, vol. 10, pp. 61-67,
Jan. 2002.

Baedeker, et al., “Structures of two histidine ammonia-lyase modi-
fications and implications for the catalytic mechanism”, Eur. J.
Biochem., vol. 269, pp. 1790-1797, 2002.

Becker et al., “Metabolic engineering of Saccharomyces cerevisiae
for the synthesis of the wine-related antioxidant resveratrol,” FEMS
Yeast Research 4:79-85, 2003.

Blanquet, et al.“Recombinant Saccharomyces cerevisiae Expressing
P450 in Artificial Digestive Systems: a Model for Biodetoxication in
the Human Digestive Environment.” Applied and Environmental
Microbiology, 2003. pp. 2884-2892.

Celotti, et al.“Resveratrol content of some wines obtained from dried
Valpolicella grapes: Recioto and Amarone.” Journal of Chromatog-
raphy A 730, 1996. pp. 47-52.

Cochrane, et al. “The Arabidopsis phenylalanine ammonia lyase
gene family: kinetic characterization of the four PAL isoforms.”
Phytochemistry 65, 2004. pp. 1557-1564.

Costa, et al., “Characterization in vitro and in vivo of the putative
multigene 4-coumarate:CoA ligase network in Arabidopsis: syringyl

lignin and sinapate/sinapyl alcohol derivative
Phytochemistry, vol. 66, pp. 2072-2091, 2005.
Couzin. “Aging Research’s Family Feud.” Science 303, 2004. pp.
1276-1279.

Ehlting, et al. “Three 4-coumarate:coenzyme A ligases in
Arabidopsis thaliana represents two evolutionary divergent classes in
angiosperms.” The plant journal 19, 1999. pp. 9-20.

Filpula, etal. “Nucleotide sequence of gene for phenylalanine ammo-
nia-lyase from Rhodotorula rubra.” Nucleic Acids Res. 16, 1988. pp.
11381.

Gehm, et al. “Resveratrol, a polyphenolic compound found in grapes
and wine, is an agonist for the estrogen receptor.” Proc. Natl. Acad.
Sci. USA 94, 1997. pp. 14138-14143.

Gems, et al. “An autonomously replicating plasmid transforms
Aspergillus nidulans at high frequency” Gene 98, 1991. pp. 61-67.
Hain, et al. “Disease resistance results from foreign phytoalexin
expression in a novel plant” Nature 361, 1993. pp. 153-156.

Hall. “In Vino Vitalis? Compounds ActiVate Life-Extending Genes.”
Science 301, 2003. pp. 1165.

Hamberger, et al. “The 4-coumarate:CoA ligase gene family in
Arabidopsis thaliana comprises one rare, sinapate-activating and
three commonly occurring isoenzymes.” Proc. Natl. Acad. Sci. USA.
101, 2004. pp. 2209-2214.

Hart. “Role of Phytostilbenes in Decay and Disease Resistance.”
Annu. Rev. Phytopathology 19, 1981. pp. 437-458.

Hart, et al. “Role of Stilbenes in Resistance of Wood to Decay.”
Phytopathology 69, 1979. pp. 1138-1143.

Hasemann, et al., “Structure and function of cytochromes P450:a
comparative analysis of three crystal structures”, Structure, vol. 2, pp.
41-62, Jan. 1995.

Huang. “Diet for cancer prevention.” Food Sci. 24, 1997. pp. 713-
727.

Hubbard, et al., “NADPH-Cytochrome P450 Oxidoreductase”, The
Journal of Biological Chemistry, vol. 276, No. 31, pp. 29163-29170,
2001.

Hwang, et al. “Production of plant specific flavanones by Escherichia
coli containing an artificial gene cluser. Appl. Environ.” Microbiol.
69, 2003. pp. 2699-2706.

Jang, et al. “Cancer Chemopreventive Activity of Resveratrol, a
Natural Product Derived from Grapes.” Science 275, 1997. pp. 218-
220.

Jeandet, et al. “Effect of Enological Practices on the Resveratrol
Isomer Content of Wine J. Agric.” Food Chem. 43, 1995. pp. 316-
319.

Jeandet, et al. “Occurrence of a resveratrol- D-glucoside in wine:
Preliminary studies.” Vitis 33, 1994. pp. 183-184.

Jeandet, et al., “Phytoalexins from the Vitacae: Biosynthesis,
Phytoalexin Gene Expression in Transgenic Plants, Antifungal Activ-
ity, and Metabolism”, J. Agric. Food Chem., vol. 50, pp. 2731-2741,
2002.

Koopmann, et al. “Regulation and Functional Expression of Cin-
namate 4-Hydroxylase from Parsley.” Plant Physiol. 119, 1999. pp.
49-55.

Kopp. “Resveratrol, a phytooestrogen found in red wine. A possible
explanation for the conundrum of the “French Paradox”?” Eur. J.
Endocrinol. 138, 1998. pp. 619-620.

Kyndt, et al. “Characterization of a bacterial tyrosine ammonia lyase,
a biosynthetic enzyme for the photoactive yellow protein”” FEBS
Lett. 512, 2002. pp. 240-244.

Lagrange, et al. “Cloning of the Bacillus pumilus beta-xylosidase
gene (xynB) and its expression in Saccharomyces cerevisiae. Appl.
Microbiol.” Biotechnol. 47, 1997. pp. 262-266.

Lin, et al. “Sequence and analysis of chromosome 2 of the plant
Arabidopsis thaliana.” Nature 402, 1999. pp. 761-768.

Lobo. “Benefits and risks of estrogen replacement therapy.” Am. J.
Obstet. Gynecol. 173, 1995. pp. 982-989.

Martin, et al. “Engineering a mevalonate pathway in Escherichia coli
for production of terpenoids.” Nature biotechnology 21, 2003. pp.
796-802.

Melchior, et al., “Grapevine stilbene synthase cDNA only slightly
differing from chalcone synthase cDNA is expressed in Escherichia
coli into a catalytically active enzyme”, FEBS, vol. 268, No. 1, pp.
17-20, Jul. 1990.

formation”,



US 9,404,129 B2
Page 3

(56) References Cited
OTHER PUBLICATIONS

Mizutani, et al., “Two Isoforms of NADPH:Cytochrome P450
Reductase in Arabidopsis thaliana”, Plant Physiol., vol. 116, pp.
357-367, 1998.

Mizutani, et al. “Isolation of a cDNA and a genomic clone encoding
cinnamate 4-hydroxylase from Arabidopsis and its expression man-
ner in planta” Plant Physiol. 113, 19973 pp. 755-763.

Nisimoto, Yukio, “Localization Cytochrome c-binding Domain on
NADPH-Cytochrome P-450 Reductase”, The Journal of Biological
Chemistry, vol. 261, No. 30, pp. 14232-14239, 1986.

Porter, et al., “NADPH-Cytochrome P-450 Oxidoreductase: Flavin
Mononucleotide and Flavin Adenine Dinucleotide Domains Evolved
from Different Flavoproteins”, Biochemistry, vol. 25, pp. 1682-1687,
1986.

Punt et al. “Filamentous fungi as cell factories for heterologous
protein production,” TRENDS in Biotechnology 20 (5):200-206
(2002).

Ritter, et al, “Structural Basis for the Entrance into the
Phenylpropanoid Metabolism Catalyzed by Phenylalanine Ammo-
nia-Lyase”, The Plant Cell, vol. 16, pp. 3426-3436, Dec. 2004.

Ro, et al. “Functional Characterization and Subcellular Localization
of Poplar (Populus trichocarpa x Populus deltoides) Cinnamate
4-Hydroxylase.” Plant Physiol. 126. 2001. pp. 317-329.

Ro, et al. “Reconstitution of the entry point of plant phenylpropanoid
metabolism in yeast (Saccharomyces cerevisiae). implications for
control of metabolic flux into the phenylpropanoid pathway.” J. Biol.
Chem. 279, 2004. pp. 2600-2607.

Rosler, et al. “Maize phenylalanine ammonia-lyase has tyrosine
ammonia-lyase activity.” Plant Physiol. 113, 1997. pp. 175-179.
Rother, et al ., An active site homology model of phenylalanine
ammonia-lyase from Petroselinum crispum, Eur. J. Biochem., vol.
269, pp. 3065-3075, 2002.

Rupasinghe, et al., “Common active site architecture and binding
strategy of four phenylpropanoid P450s from Arabidopsis thaliana as
revealsed by molecular modeling”, Protein Engineering, vol. 16, No.
10, pp. 721-731, 2003.

Samappito, et al. “Aromatic and pyrone polyketides synthesized by a
stilbene synthase from Rheum tataricum.” Phytochemistry 62, 2003.
pp. 313-323.

Sambrook, et al. (1989). “Molecular Cloning.” Lab. Manual, 2nd
edition, 1989. Cold Spring Harbor, N.Y.

Schoppner, et al. “Purification and properties of a stilbene synthase
from induced cell suspension cultures of peanut.” J. Biol. Chem. 259,
1984. pp. 6806-6811.

Schneider, et al., “The substrate specificity-determining amino acid
cod of 4-coumarate:CoA ligase”, PNAS, vol. 100, No. 14, pp. 8601-
8606, Jul. 2003.

Schuster, et al., “Serine-202 is the putative precursor of the active site
dehydroalanine of phenylalanine ammonia lyase”, FEBS Letters,
vol. 349, pp. 252-254, 1994.

Schwede, et al., “Crystal Structure of Histidine Ammonia-Lyase
Revealing a Novel Polypeptide Modification as the Catalytic
Electrophile”, Biochemistry, vol. 38, pp. 5355-5361, 1999.
Seshime, et al. “Genomic evidences for the existence of a
phenyipropanoid metabolic pathway in Aspergillus oryzae.”
Biochem Biophys Res Commun. 337, 2005. pp. 747-751.

Stuible, et al., “Identification of the Substrate Specificity-conferring
Amino Acid Residues of 4-Coumarate:Coenzyme A Ligase Allows
the Rational Design of Mutant Enzymes with New Catalytic Proper-
ties”, The Journal of Biological Chemistry, vol. 276, No. 29, pp.
26893-26897, 2001.

Suh, et al., “Identification of amino acid residues important in the
cyclization reactions of chalcone and stilbene synthases”, Biochem.
J., vol. 350, pp. 229-235, 2000.

Uhlmann, et al, “Molecular Cloning and Expression of
4-Coumarate:Coenzyme A Ligase, an Enzyme Involved in the Resis-
tance Response of Soybean (Glycine max 1) against Pathogen
Attack”, Plant Physiol., vol. 102, pp. 1147-1156, 1993.

Urban,et al. “Cloning, Yeast Expression, and Characterization of the
Coupling of Two Distantly Related Arabidopsis thaliana NADPH-
Cytochrome 450 Reductases with P450 CYP73A5.” J. Biol. Chem.
272,1997. pp. 19176-19186.

Wang, et al., “Three-dimensional structure of NADPH-cytochrome
P450 reductase: Prototype for FMN-and FAD-containing enzymes”,
Proc. Natl. Acad. Sci. USA, vol. 94, pp. 8411-8416, Aug. 1997.
Watts, et al. “Exploring recombinant flavonoid biosynthesis in meta-
bolically engineered Escherichia coli” Chembiochem 5, 2004. pp.
500-507.

Whisstock et al. Quarterly Reviews of Biophysics, 2003, “Prediction
of protein function from protein sequence and structure”, 36(3):
307-340.

Yabusaki, et al ., “Primary Structure of Saccharomyces cerevisiae
NADPH-Cytochrome P450 Reductase Deduced from Nucleotide
Sequence of Its Cloned Gene”, J. Biochem., vol. 103, pp. 1004-1010,
1988.

Abe et al., “Enzymatic formation of long-chain polyketide pyrones
by plant type III polyketide synthases”, Phytochemistry, vol. 6, pp.
2447-2453 (2004).

Aggarwal et al., “Role of resveratrol in prevention and therapy of
cancer: preclinical and clinical studies”. Anticancer Res.
24(5A):2783-840 (2004).

Andrade et al.. The ABC transporter AtrB from Aspergillus nidulans
mediates resistance to all major classes of fungicides and some natu-
ral toxic compounds. Microbiology. 2000:146:1987-97.

Appert et al., “Structural and catalytic properties of the four
phenylalanine  ammonia-lyase  isoenzymes from parsley
(Petroselinum crispum Nym.)” FEBS 225:491-99 (1994).

Aury et al., Global trends of whole-genome duplications revealed by
the ciliate Paramecium tetraurelia. Nature. Nov. 9, 2006,
444(7116):171-8.

Baedeker et al., “Autocatalytic Peptide Cyclization during Chain
Folding of Histidine Ammonia-Lyase”, Structure, vol. 10, pp. 61-67,
Jan. 2002.

Banerjee et al., Responses of pathogenic and nonpathogenic yeast
species to steroids reveal the functioning and evolution of multidrug
resistance transcriptional networks. Eukaryot Cell. 2008:7:68-77.
Beekwilder et al., “Production of Resveratrol in Recombinant Micro-
organisms,” Applied and Environmental Microbiology 72(8):5670-
72 (2006).

Berner et al., “Genes and enzymes involved in caffeic acid
biosynthesis in the actinomycete Saccharothrix espanaensis”, I
Bacteriol, 2006:188:2666-73.

Boer et al., The genome-wide transcriptional responses of Sac-
charomyces cerevisiae grown on glucose in aerobic chemostat cul-
tures limited for carbon, nitrogen, phosphorus, or sulfur. J Bioi.
Chern. 2003:278:3265-74.

Callemien et al., “Hop as an interesting source of resveratrol for
brewers: Optimization of the extraction and quantitative study by
liquid chromatography/atmospheric pressure chemical ionization
tandem mass spectrometry” J Agric Food Chem. 53(2):424-29
(2005).

Caruso et al., “Structural basis for antioxidant activity of trans-
resveratrol: ab initio calculations and crystal and molecular struc-
ture”, J Agric Food Chem., vol. 52, pp. 7279-7285, 2004.

Chen et al., “One-step transformation of the dimorphic yeast Yar-
rowia lipolytica” Appl Microbiol Biotechnol. 48 (2):232-5 (1997).
Chloupkova et al., Expression of 25 human ABC transporters in the
yeast Pichia pastoris and characterization of the purified ABCC3
ATPase activity. Biochemistry. 2007:46:7992-8003.

Connolly et al., Heterologous expression of a pleiotropic drug resis-
tance transporter from Phytophthora sojae in yeast transporter
mutants. Curr Genet. 2005:48:356-65.

Cordero-Otero et al., “Efficient selection of hygromycin-B-resistant
Yarrowia lipolytica transformants”. Appl Microbiol Biotechnol.
46(2):143-48 (1996).

Del Sorbo et al., Multidrug resistance in Aspergillus nidulans
involves novel ATP-binding cassette transporters. Mol Gen Genet.
1997:254:417-26.



US 9,404,129 B2
Page 4

(56) References Cited
OTHER PUBLICATIONS

Del Sorbo et al., Cloning and functional characterization of BeatrA,
a gene encoding an ABC transporter of the plant pathogenic fungus
Botryotinia fuckeliana (Botrytis cinerea). Mycol Res. 2008:112:737-
46.

Domergue et al., In vivo characterization of the first acyl-GoA
Delta6-desaturase from a member of the plant kingdom, the
microalga Ostreococcus tauri. Biochem J. Jul. 15, 2005; 389 (Pt
2):483-90.

Erdeniz et al., Cloning-Free PCR-Based Allele Replacement Meth-
ods. Genome Res. 1997 7: 1174-1183.

Etschmann et al., Biotechnological production of 2-phenylethanol.
Appl Microbial Biotechnol 2002:59:1-8.

Fickers et al., “New disruption cassettes for rapid gene disruption and
marker rescue in the yeast Yarrowia lipolytica” I Microbiol Methods.
55(3):727-37 (2003).

Gehlertetal., “Stilbene synthase from seedlings of Pinus sylvestris—
purification and induction in response to fungal infection”. Mol.
Plant-Microbe Interaction 3(6):444-49 (1990).

Giaever et al., Functional profiling of the Saccharomyces cerevisiae
genome. Nature. 2002:418:387-91.

Gietz & Schiestl. Applications of high efficiency lithium acetate
transformation of intact yeast cells using single-stranded nucleic
acids as carrier. Yeast. 1991:7:253-63.

Gilon et al., Degradation signals for ubiquitin system proteolysis in
Saccharomyces cerevisiae. The EMBO Journal. 1998:17:2759-2766.
Gonzalez-Candelas et al. “The use of transgenic yeasts expressing a
gene encoding a glycosyl-hydrolase as a tool to increase resveratrol
content in wine.” Int J Food Microbiol. 59(3):179-83 (2000).
Guengerich et al., Expression of human cytochrome P450 enzymes in
yeast and bacteria and relevance to studies on catalytic specificity.
Toxicology. 1993:82:21-37.

Guerra et al., “A novel system of genetic transformation allows
multiple integrations of a desired gene in Saccharomyces cerevisiae
chromosomes”, J Microbiol Methods, vol. 67, pp. 437-445, 2006.
Hemingway et al., “Polyphenols in Ceratocystis minor infected Pinus
taeda: Fungal Metabolites, phloem and xylem phenols”. J. Agric.
Food Chem., 25, 717-722 (1977).

Herrero et al., Engineering the Saccharomyces cerevisiae isoprenoid
pathway for de novo production of aromatic monoterpenes in wine,
Metabolic Eng., 10(2):78-86 (2008).

Horinouchi et al., “Combinatorial Biosynthesis of Non-bacterial and
Unnatural Flavonoids, Stilbenoids and Curcuminoids by Microor-
ganisms,” Journal of Antibiotics 61(12):709-28 (2008).

Jiang et al. “Metabolic Engineering of the Phenylpropanoid Pathway
in  Saccharomyces cerevisiae” Applied and Environmental
Microbiology 71(6):2962-69 (2005).

Johansson & Hahn-Hagerdal. Overproduction of pentose phosphate
pathway enzymes using a new CRE-loxP expression vector for
repeated genomic integration in Saccharomyces cerevisiae. Yeast
2002:19:225-231.

Jungwirth & Kuchler. Yeast ABC transporters—a tale of sex, stress,
drugs and aging. FEBS Lett. 2006:580:1131-8.

Juretzek et al., “Vectors for gene expression and amplification in the
yeast Yarrowia lipolytica”, Yeast. 18(2):97-113 (2001).

Juvvadi et al., “Genomics reveals traces of fungal phenylpropanoid-
flavonoid metabolic pathway in the filamentous fungus Aspergillus
oryzae.” J Microbiol. 43(6):475-486 (2005).

Kaneko, et al., “Cinnamate:Coenzyme a ligase from the Filamentous
Bacteria Streptomyces coelicolor A3(2),” J. Bact. 185(1): 20-27
(2003).

Kindl, Biosynthesis of stilbenes. In Higuchi T, ed, Biosynthesis and
Biodegradation of Wood Components. Academic Press, London, pp.
349-377. (1985).

Kizer et al., “Application of Functional Genomics to Pathway Opti-
mization for Increased Isoprenoid Production.” Applied and Envi-
ronmental Microbiology. 74(10):3229-3241 (2008).

Kodan et al., “A stilbene synthase from Japanese red pine (Pinus
densiflora): Implications for phytoalexin accumulationand down-
regulation of flavonoid biosynthesis”. Proc. Natl. Acad. Sci. 99,
3335-3339 (2002).

Kunji et al., Lactococcus lactis as host for overproduction of func-
tional membrane proteins. Biochim Biophys Acta. 2003:1610:97-
108.

Le Dall et al., “Multiple-copy integration in the yeast Yarrowia
lipolytica”. Curr Genet. 26(1):38-44 (1994).

Lee et al. “Antibacterial and antifungal activity of pinosylvin, a
constituent of pine” Fitoterapia, 76(2):258-60 (2005).

Lieutier et al., “Changes in phenolic metabolites of Scots pine
phloem induced by Ophiostoma brunneo-ciliatum, a bark beetle-
associated fungus”. Eur. J.For Pathol. 26(3):145-158 (1996).
Lindberg et al., “Antibacterial effects of knotwood extractives on
paper mill bacteria”. J Ind Microbiol Biotechnol. 31 (3):137-147
(2004).

Luttik et al., “Alleviation of feedback inhibition in Saccharomyces
cerevisige aromatic amino acid biosynthesis: Quantification of meta-
bolic impact,” Metabolic Eng. 10:141-53 (2008).

Madzak et al., “Heterologous protein expression and secretion in the
non-conventional yeast Yarrowia lipolytica: a review”. J Biotechnol.
109(1-2):63-81 (2004).

Melchior & Kindl, “Coordinate and elicitor dependent expression of
stilbene synthase and phenylalanine ammonialyase genes in Vitis cv.
Optima.” Arch. Biochem. Biophys 288(2):552-57 (1991).

Mellanen et al., “Wood-derived estrogens: studies in vitro with breast
cancer cell lines and in vivo in trout”. Toxicol. App. Pharm.
136(2):381-88 (1996).

Morita et al., “Novel polyketides synthesized with a higher plant
stilbene synthase”. Eur. J. Biochem. 268, 3759-3766 (2001).
Moriya et al.. In vivo robustness analysis of cell division cycle genes
in Saccharomyces cerevisiae. PLoS Genet. Jul. 2006.; 2(7):elll.
Epub Jun. 5, 2006. Erratum in: PLoS Genet. Dec. 2006; 2(12):¢218.
Muhitch et al.. Transgenic expression of the TRI101 or PDRS gene
increases resistance of tobacco to the phytotoxic effects of the
trichothecene 4, 15-diacetoxyscirpenol. Plant Sci.
2000:157:201-207.

Muller et al., “Comparison of expression systems in the yeasts Sac-
charomyces cerevisiae, Hansenula polymorpha, Klyveromyces
lactis, Schizosaccharomyces pombe and Yarrowia lipolytica. Cloning
of two mnovel promoters from Yarrowia lipolytica”. Yeast
14(14):1267-83 (1998).

Mumberg et al.,, Yeast vectors for the controlled expression of
heterologous proteins in different genetic backgrounds. Gene.
156(1):119-22 (Apr. 1995).

Nicaud et al., Protein expression and secretion in the yeast Yarrowia
lipolytica. FEMS Yeast Res. 2(3):371-9 (2002).

Niimi et al., Functional analysis of fungal drug efflux transporters by
heterologous expression inS. cerevisiae. Jpn. J. Infect Disease
2005:58:1-7.

Pacher et al., “Antifungal stilbenoids from Stemona collinsae.” J Nat
Prod. 65 (6):820-827 (2002).

Pan et al., Identification of molecular pathways affected by
pterostilbene, a natural dimethylether analog of resveratrol. BMC
Med. Genomics. 2008:20:1-7.

Passorn et al., Heterologous expression of Mucor rouxii delta(12)-
desaturase gene in Saccharomyces cerevisiae. Biochem. Biophys.
Res. Commun. 263 (1):47-51 (1999).

Pignede et al., “Autocloning and amplification of LIP2 in Yarrowia
lipolytica” Appl. Environ Microbiol. 2000:66:3283-9.

Prather et al., “De novo biosynthetic pathways: rational design of
microbial chemical factories. Current Opinion in Biotechnology.”
19:468-474 (2008).

Preisig-Muller et al., “Characterization of a pine multigene family
containing elicitor-responsive stilbene synthase genes”. Plant
Molecular Biology. 39(2):221-229. (1999).

Pretorius etal., “Meeting the consumer challenge through genetically
customized wine-yeast strains,” Trends Biotech 20:426-32 (2002).
Raiber et al., “Molecular and enzymatic characterization of two
stilbene synthases from Eastern white pine (Pinus strobus). A single
Arg/His difference determines the activity and the pH dependence of
the enzymes”. FEBS Lett. 361 (2-3):299-302 (1995).



US 9,404,129 B2
Page 5

(56) References Cited
OTHER PUBLICATIONS

Richter & Wild, “Phenolic compounds in needles of Norway spruce
trees in relation to novel forest decline: I. Studies on trees from site of
the Northern Black Forest.”, Biochem. Biophys. Pflanz 188, 305-320
(1992).

Rogers et al., The pleitropic drug ABC transporters from Sac-
charomyces cerevisiae. J Mol Microbiol Biotechnol. 2001:3:207-14.
Rosemann et al., “Biochemical Plant Responses to Ozone. II. Induc-
tion of Stilbene Biosynthesis in Scots Pine (Pinus sylvestris 1.)
Seedlings. Jr.” Plant Physiol. 97, 1280-1286 (1991).

Roupe et al., “Pharmacometrics of Stilbenes: Seguing Towards the
Clinic.” Curr. Clin. Pharmac. 1, 81-101 (2006).

Schanz et al., “Stilbene synthase from Scot’s pine (Pinus sylvestris)”
FEBS Lett. 313(1):71-74 (1992).

Schoonbeek et al., “The ABC Transporter BeatrB Affects the Sensi-
tivity of Botrytis cinerea to the Phytoalexin Resveratrol and the
Fungicide Fenpiclonil,” Molecular Plant-Microbe Interactions
14:562-71 (2001).

Schroder et al., “Molecular analysis of resveratrol synthase. cDNA
clones and relationship with chalcone synthase”. Eur J Biochem
172(1): 161-69 (1988).

Sengottuvelan & Nalini, “Dietary supplementation of resveratrol
suppresses colonic tumour incidence in 1,2-dimethylhydrazine-
treated rats by modulating biotransforming enzymes and aberrant
crypt foci development.” British Journal of Nutrition 96(1):145-53
(2006).

Serazetdinova et al., “Expression of transgenic stilbene synthases in
wheat causes the accumulation of unknown stilbene derivatives with
antifungal activity”” Journal of Plant Physiology 162(9):985-1002
(2005).

Servos et al., Gene SNQ2 of Saccharomyces cerevisiae, which con-
fers resistance to 4-nitroquinoline-N-oxide and other chemicals,
encodes a 169 kDa protein homologous to ATP-dependent
permeases. Mol Gen Genet. Jan. 1993; 236(2-3):214-8.

Servos et al., A system of shuttle vectors and yeast host strains
designed for efficient manipulation of DNA in Saccharomyces
cerevisiae. Genetics. 1989:122:19-27.

Sikorski & Hieter, “A system of shuttle vectors and yeast host strains
designed for efficient manipulation of DNA in Saccharomyces
cerevisiae”, Genetics, vol. 122(1):19-27 (May 1989).

Skinnider & Stoessl, “The effect of the phytoalexins, lubimin, (-)-
maackiain, pinosylvin, and the related compounds dehydroloroglos-
sol and hordatine M on human lymphoblastoid cell lines”.
Experientia 42(5):568-570 (1986).

Song et al., Engineering tolerance and accumulation of lead and
cadmium in transgenic plants. Nat. Biotechnol. 2003:21:914-9.
Stark et al., “Novel Type of in Situ Extraction: Use of Solvent Con-
taining Microcapsules for the Bioconversion of 2Phenylethanol
From .sub.L-Phenylalanine by Saccharomyces cerevisiae”,
Biotechnology and Bioengineering, vol. 83 (4), pp. 376-385, 2003.
Stojanovic et al., “Efficiency and mechanism of the anti-oxidant
action of trans-resveratrol and its analogues in the radical liposome
oxidation”. Arch. Biochem. Biophys. 391(1):79-89 (2001).

STN Search CAS directory pinosylvin chemical properties data, pp.
1-2,2012.

Suga et al., “Endogenous pine wood nematicidal substances in pines,
Pinus massoniana, P. strobus and P. palustris” Phytochemistry
33(6):1395-1401 (1993).

Tavares & Gunnarsson. GenBank GUS593327.1 Mortierella alpina
strain CBS 608.70 delta-6 elongase mRNA, complete cds. Mar. 29,
2010, one page.

Tilburn et al., “Transformation by integration in Aspergillus
nidulans”, Gene, vol. 26, pp. 205-221, 1983.

Trantas et al. “Metabolic engineering of the complete pathway lead-
ing to heterologous biosynthesis of various flavonoids and
stilbenoids in Saccharomyces cerevisiae”, Metab Eng. 11(6):355-66
(2009).

Tropfet al., “Reaction mechanisms of homodimeric plant polyketide
synthase (stilbenes and chalcone synthase). A single active site for the

condensing reaction is sufficient for synthesis of stilbenes, chalcones,
and 6’-deoxychalcones”. J. Biol. Chem. 270, 7922-7928 (1995).
Trott et al., Activation of heat shock and antioxidant responses by the
natural product celastrol: transcriptional signatures of a thiol-tar-
geted molecule. Mol Bioi Cell. 2008:19:1104-12.

Uniprot, Accession No. P32449, ARO4, 2010, www.uniprot.org. last
accessed Jun. 8, 2015, pp. 1-8.

Uniprot, Accession No. P32178, ARO7 2010, www.uniprot.org. last
accessed Jun. 8, 2015, pp. 1-7.

Urban et al., “Characterization of recombinant plant cinnarnate
4-hydroxylase produced in yeast. Kinetic and spectral properties of
the major plant P450 of the phenylpropanoid pathway”. Eur J
Biochem. 222(3):843-50 (1994).

Verduyn et al., “Effect of benzoic acid on metabolic fluxes in yeasts:
a continuous-culture study on the regulation of respiration and alco-
holic fermentation”. Yeast. 8, 501-517 (1992).

Vuralhan et al., “Physiological characterization of the AR010-depen-
dent broad-substrate-specificity 2-oxo acid decarboxylase activity of
Saccharomyces cerevisiae,” App. Env. Microbiol. 71:3276-84
(2005).

Watts et al., “Discovery of a substrate selectivity switch in tyrosine
ammonia-lyase, a member of the aromatic amino acid lyase family”.
Chem Biol. 13:1317-26 (2006).

Watts et al., “Biosynthesis of plant-specific stilbene polyketides in
metabolically engineered Escherichia coli)” BMC Biotechnology
6(22):1-12 (2006).

Werck-Reichhart & Feyereisen. Cytochromes P450: a success story.
Genome Biology 2000:1:3003.1-3003.9.

Wiebe “Stable production of recombinant proteins in filamentous
fungi-problems and improvements” Mycologist. 17:140-144
(2003).

Wiese et al., “Structural organization and differential expression of
three stilbene synthase genes located on a 13 kb grapevine DNA
fragment.” Plant Mol Biol 26(2):667-77 (1994).

Yoon et al., CrelloxP-mediated in vivo excision of large segments
from yeast genome and their amplification based on the 2 mm
plasmid-derived system. Gene 1998:223:67-76.

Zwiers et al., ABC transporters and azole susceptibility in laboratory
strains of the wheat pathogen Mycosphaerella graminicola.
Antimicrob Agents Chemother. Dec. 2002; 46(12):3900-6.

The International Search Report issued in International Application
No. PCT/EP2006/060154 (published as WO 2006/089898); mailed
on Jun. 20, 2006, pp. 1-4.

The International Search Report issued in International Application
No. PCT/EP2007/057484 (published as WO 2008/009728); mailed
on Oct. 17, 2007, pp. 1-5.

The International Search Report issued in International Application
No. PCT/EP2008/059768 (published as WO 2009/016108); mailed
on Apr. 9, 2009, pp. 1-6.

The International Search Report issued in International Application
No. PCT/EP2009/053974 (published as WO 2009/124879); mailed
on Oct. 5, 2009, pp. 1-6.

The International Search Report issued in International Application
No. PCT/EP2009/054219 (published as WO 2009/124967); mailed
on Oct. 2, 2009, pp. 1-5.

The International Search Report issued in International Application
No. PCT/EP2011/058447 (published as WO 2011/147818); mailed
on Aug. 22, 2011, pp. 1-7.

Aoyama, et al., “NADPH-cytochrome P-450 reductase of yeast
microsomes.” Arch. Biochem. Biophys. 185, 1978. pp. 362-369.
Austin, et al., “»An Aldol Switch Discovered in Stilbene Synthases
Mediates Cyclization Specificity of Type III Polyketide Synthases”,
Chemistry & Biology, vol. 11, pp. 1179-1194, Sep. 2004.

Blanquet, et al. “Recombinant Saccharomyces cerevisiae Expressing
P450 in Artificial Digestive Systems a Model for Biodetoxication in
the Human Digestive Environment.” Applied and Environmental
Microbiology, 2003. pp. 2884-2892.

Celotti. et al.“Resveratrol content of some wines obtained from dried
Valpolicella grapes: Recioto and Amarone.” Journal of Chromatog-
raphy A 730, 1996. pp. 47-52.

Cochrane, et al “The Arabidopsis phenylalanine ammonia lyase gene
family: kinetic characterization of the four PAL isoforms.”
Phytochemistry 65, 2004. pp. 1557-1564.



US 9,404,129 B2
Page 6

(56) References Cited
OTHER PUBLICATIONS

Gehm, et al. “Resveratrol, a polyphenolic compound found in grapes
and wine, is an agonist for the estrogen receptor.” Proc. Natl. Acad.
Sci. USA94, 1997. pp. 14138-14143.

Hain, et al. “Disease resistance results from foreign phytoalexin
expression in a novel plant.” Nature 361, 1993. pp. 153-156.

Hall “In Vino Vitalis? Compounds Activate Life-Extending Genes.”
Science 301, 2003. pp. 1165.

Hamberger, et al “The 4-coumarate:CoA ligase gene family in
Arabidopsis thaliana comprises one rare, sinapate-activating and
three commonly occurring isoenzymes.” Proc. Natl. Acad. Sci. USA.
101, 2004. pp. 2209-2214.

Hart “Role of Phytostilbenes in Decay and Disease Resistance.”
Annu. Rev. Phytopathology 19, 1981. pp. 437-458.

Hwang, et al. “Production of plant-specific flavanones by
Escherichia coli containing an artificial gene cluster. Appl. Environ.”
Microbial. 69, 2003. pp. 2699-706.

Jeandet, et al. “Effect of Enological Practices on the Resveratrol
Isomer Content of Wine” J. Agric. Food Chem. 43, 1995. pp. 316-
319.

Jeandet, et al. “Occurrence of a resveratrol*-D-glucoside in wine:
Preliminary studies.” Vitis 33, 1994. pp. 183-184.

Kopp. “Resveratrol, a phytooestrogen found in red wine. A possible
explanation for the conundrum of the “French Paradox”?” Eur. J
Endocrinol. 138, 1998. pp. 619-620.

Lagrange, et al. “Cloning of the Bacillus pumilus beta-xylosidase
gene (xynB) and its expression in Saccharomyces cerevisiae. Appl.
Microbial” Biotechnol. 47, 1997. pp. 262-266.

Lobo. “Benefits and risks of estrogen replacement therapy.” Am. J.
Obstet Gynecol. 173, 1995. pp. 982-989.

Martin. et al. “Engineering a mevalonate pathway in Escherichia coli
for production of terpenoids.” Nature biotechnology 21, 2003. pp.
796-802.

Melchior, et al., “Grapevine stilbene synthase cDNA only slightly
differing from chalcone synthase eDNA is expressed in Escherichia
coli into a catalytically active enzyme”, FEBS, vol. 268, No. 1, pp.
17-20, Jul. 1990.

Mizutani. et al. “Isolation of a cDNA and a genomic clone encoding
cinnamate 4-hydroxylase from Arabidopsis and its expression man-
ner in planta” Plant Physiol 113, 1997 pp. 755-763.

Nisimoto, “Localization of Cytochrome c-binding Domain on
NADPH-Cytochrome P-450 Reductase”, The Journal of Biological
Chemistry, vol. 2611 No. 30 pp. 14232-14239, 1986.

Punt et al., “Filamentous fungi as cell factories for heterologous
protein production,” Trends in Biotechnol 20 (5):200-206, 2002.
Ritter, et al. “Structural Basis for the Entrance into the
Phenylpropanoid Metabolism Catalyzed by Phenylalanine Ammo-
nia-Lyase”, The Plant Cell, vol. 16, pp. 3426-3436, Dec. 2004.

Ro, et al. “Functional Characterization and Subcellular Localization
of Poplar (Populus trichocarpa x Populus deltoides) Cinnamate
4-Hydroxylase.” Plant Physiol 126. 2001. pp. 317-329.

Ro, et al “Reconstitution of the entry point of plant phenylpropanoid
metabolism in yeast (Saccharomyces cerevisiae): implications for
control of metabolic flux into the phenylpropanoid pathway.” J. Biol.
Chern. 279, 2004. pp. 2600-2607.

Rother, et al.,, An active site homology model of phenylalanine
ammonia-lyase from Petroselinum crispum, Eur. J. Biochem., vol.
269, pp. 3065-3075, 2002.

Rupasinghe, et al., “Common active site architecture and binding
strategy of four phenylpropanoid P450s from Arabidopsis thaliana as
revealed by molecular modeling”, Protein Engineering, vol. 16, No.
101 pp. 721-731, 2003.

Schoppner, et al., “Purification and properties of a stilbene synthase
from induced cell suspension cultures of peanut” J. Bioi. Chern. 259,
1984. pp. 6806-6811.

Seshime, et al., “Genomic evidences for the existence of a
phenylpropanoid metabolic pathway in Aspergillus oryzae.”
Biochem Biophys Res Commun. 337, 2005. pp. 747-51.

Wang et al., “Three-dimensional structure of NADPH-cytochrome
P450 reductase: Prototype for FMN-and FAD-containing enzymes”,
Proc. Natl. Acad. Sci. USA, vol. 94, pp. 8411-8416, Aug. 1997.
Watts, et al., “Exploring recombinant flavonoid biosynthesis in meta-
bolically engineered Escherichia coli” Chembiochem 5, 2004. pp.
500-507.

Whisstock et al., “Prediction of protein function from protein
sequence and structure”, Quaterly Reviews of Biophysics, 2003,
36(3): 307-340.

Yabusaki, et al., “Primary Structure of Saccharomyces cerevisiae
NADPH Cytochrome P450 Reductase Deduced from Nucleotide
Sequence of Its Cloned Gene”, J. Biochem. vol. 103, pp. 1004-1010,
1988.

Zahir et al., “Isolation and characterization of novel organic solvent-
tolerant bacteria” Extremophiles 10(2):129-38 (2006; Epub Oct. 20,
2005).

* cited by examiner



U.S. Patent Aug. 2, 2016 Sheet 1 of 7 US 9,404,129 B2

OH

x OH
HO

Figure 1



U.S. Patent Aug. 2, 2016 Sheet 2 of 7 US 9,404,129 B2

L-phenylalanine

NH3 <)

v

cinnamic acid
02, NADPH
=)

coumaric acid

ATP, CoA

4-courﬁaroyl-CoA

Malonyl-CoA  —_
CoA, CO2 1

resveratrol

Figure 2



U.S. Patent Aug. 2, 2016 Sheet 3 of 7 US 9,404,129 B2

Tyrosine

NH3

coumaric acid

ATP, CoA ==

4-coumaroyl-CoA

malonyl-CoA
CoA, CO2 <=

4

resveratrol

Figure 3



US 9,404,129 B2

Sheet 4 of 7

Aug. 2, 2016

U.S. Patent

{Aemyped-1yL
ABATWT L0858
LSS SRISINAISS G

{fersigad- Tyl

ASATOMP D TA-O8S

BN DRISIANIOS G

{sanns A
OG5
RS SSASUBY S

s wBounu 0%
WS ERA DUR -5
PIBpHUESS UIRIBASRS

¥ 84nbi4

Ui 6 g L 9 g ¥ € 4 b

- Nvw

Ul 6 8 L 9 g ¥ € 4 b 0

S nvw



U.S. Patent

Aug. 2, 2016 Sheet 5 of 7

US 9,404,129 B2

uv-spectrum of pure
trans-resveratrol
60 nanogram total

%l =
i) S, ¢

uv-spectrum of trans-resveratrol
in extract of S. cerevisiae strain
FSSC-PALCAHACLVST
(PAL-pathway)

T Tt T
450 S0 g4

uv-spectrum of frans-resveratrol
in extract of S. cerevisiae strain
FSSC-TAL4ACLVST
(TAL-pathway)




US 9,404,129 B2

Sheet 6 of 7

Aug. 2, 2016

U.S. Patent

(Aemyied-1v1)

LSATOPIVL-0454
uens jjoo'g

(s40108A Aidwa)

10AUO3-0354
‘uIeASs 4j09°Y

g ainbi4

ui gee 0¢ gLl St 52t ol S'L S §'C 0

UL g'ce 74 gLl Gl gel 0t G4 G 4 0




US 9,404,129 B2

Sheet 7 of 7

Aug. 2, 2016

U.S. Patent

wi

(Remyied-1y1)
ISATIOYIVL-D3S
UeS oo 3
JO 10BIXS Ul
j0ljeiBAS8l-suURH]
10 winpoeds-an

pioe 2{elingd

/bW og
+

(Remuyyed-1yL)

LSATOVIVL-0A8d

ueas joo'g

pIoe SlBWNOD
i oz
+
{s10100A A)dwa)

joHuUed-038d
:uiesis yoo'g

U

UL

. ainbBi4
088 009 0gv 00v 0Ge 00¢ 062 002
2
.
3 ¢
R
‘s
9
Ny

gze 0¢ gL Si gzl 0L g4 G Gz

§ee 0z G§Ll Gl gzl g G gc 0




US 9,404,129 B2

1
METABOLICALLY ENGINEERED CELLS
FOR THE PRODUCTION OF RESVERATROL
OR AN OLIGOMERIC OR
GLYCOSIDICALLY-BOUND DERIVATIVE
THEREOF

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a U.S. divisional application of U.S.
application Ser. No. 11/816,847, filed on May 27, 2008 (now
U.S. Pat. No. 8,895,287), which was the U.S. national phase
of International Application No. PCT/EP2006/060154 filed
on Feb. 21, 2006, which claims priority to Great Britain
Patent Application No. 0503657.9 filed on Feb. 22, 2005, the
disclosures of each of which are explicitly incorporated by
reference in their entirety.

FIELD OF THE INVENTION

This invention relates generally to the production of the
polyphenol resveratrol or an oligomeric or glycosidically
bound derivative thereof such as its pf-glucoside piceid using
microbial cells. Furthermore, it relates to the use of naturally
occurring or recombinant micro-organisms that produce res-
veratrol or such a derivative for production of food, feed and
beverages.

BACKGROUND OF THE INVENTION

Production of chemicals from micro-organisms has been
an important application of biotechnology. Typically, the
steps in developing such a bio-production method may
include 1) selection of a proper micro-organism host, 2)
elimination of metabolic pathways leading to by-products, 3)
deregulation of desired pathways at both enzyme activity
level and the transcriptional level, and 4) overexpression of
appropriate enzymes in the desired pathways. In preferred
aspect, the present invention has employed combinations of
the steps above to redirect carbon flow from phenylalanine or
tyrosine through enzymes of the plant phenylpropanoid path-
way which supplies the necessary precursor for the desired
biosynthesis of resveratrol.

Resveratrol (or 3,4,5-trihydroxystilbene) is a phytophenol
belonging to the group of stilbene phytoalexins, which are
low-molecular-mass secondary metabolites that constitute
the active defence mechanism in plants in response to infec-
tions or other stress-related events. Stilbene phytoalexins
contain the stilbene skeleton (trans-1,2-diphenylethylene) as
their common basic structure: that may be supplemented by
addition of other groups as well (Hart and Shrimpton, 1979,
Hart, 1981). Stilbenes have been found in certain trees (angio-
sperms, gymnosperms), but also in some herbaceous plants
(in species of the Myrtaceae, Vitaceae and Leguminosae
families). Said compounds are toxic to pests, especially to
fungi, bacteria and insects. Only few plants have the ability to
synthesize stilbenes, or to produce them in an amount that
provides them sufficient resistance to pests.

The synthesis of the basic stilbene skeleton is pursued by
stilbene synthases. So far, two enzymes have been designated
as a stilbene synthase; pinosylvine synthase and resveratrol
synthase. To date, the groundnut (4rachis hypogaea) resvera-
trol synthase has been characterised in most detail, such that
most of the properties are known (Schoppner and Kindl,
1984). Substrates that are used by stilbene synthases are
malonyl-CoA, cinnamoyl-CoA or coumaroyl-CoA. These
substances occur in every plant because they are used in the
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biosynthesis of other important plant constituents as well
such as flavonoids, flower pigments and lipids.

Resveratrol (FIG. 1 trans-form) consists of two closely
connected phenol rings and belongs therefore to the polyphe-
nols. While present in other plants, such as eucalyptus,
spruce, and lily, and in other foods such as mulberries and
peanuts, resveratrol’s most abundant natural sources are Vitis
vinifera, -labrusca, and -muscadine (votundifolia) grapes,
which are used to make wines. The compound occurs in the
vines, roots, seeds, and stalks, but its highest concentration is
in the skin (Celotti et al., 1996), which contains 50-100 pg/g.
(Jang et al. 1997). During red wine vinification the grape
skins are included in the must, in contrast to white wine
vinification, and therefore resveratrol is found in small quan-
tities in red wine only. Resveratrol has, besides its antifungal
properties, been recognized for its cardioprotective- and can-
cer chemopreventive activities; it acts as a phytoestrogen, an
inhibitor of platelet aggregation (Kopp et al, 1998; Gehm et al
1997; Lobo et al 1995), and an antioxidant (Jang et al., 1997;
Huang 1997). These properties explain the so-called French
Paradox, i.e. the wine-drinking French have a low incidence
of'coronary heart disease despite a low-exercise, high-fat diet.
Recently it has been shown that resveratrol can also activate
the SIR2 gene in yeast and the analogous human gene SIRT1,
which both play a key role in extending life span. Ever since,
attention is very much focused on the life-span extending
properties of resveratrol (Hall, 2003, Couzin, 2004).

American health associations, such as the Life Extension
Foundation, are promoting the vast beneficial effects of this
drug, and thereby propelling the ideal conditions for a suc-
cessful commercialisation. Present production processes rely
mostly upon extraction of resveratrol, either from the skin of
grape berries, or from Knot weed. This is a labour intensive
process and generates low yield which, therefore, prompts an
incentive for the development of novel, more efficient and
high-yielding production processes.

In plants, the phenylpropanoid pathway is responsible for
the synthesis of a wide variety of secondary metabolic com-
pounds, including lignins, salicylates, coumarins, hydroxy-
cinnamic amides, pigments, flavonoids and phytoalexins.
Indeed formation of resveratrol in plants proceeds through
the phenylpropanoid pathway. The amino acid L-phenylala-
nine is converted into trans-cinnamic acid through the non-
oxidative deamination by L-phenylalanine ammonia lyase
(PAL) (FIG. 2). Next, trans-cinnamic acid is hydroxylated at
the para-position to 4-coumaric acid (4-hydroxycinnamic
acid) by cinnamate-4-hydroxylase (C4H), a cytochrome
P450 monooxygenase enzyme, in conjunction with NADPH:
cytochrome P450 reductase (CPR). The 4-coumaric acid, is
subsequently activated to 4-coumaroyl-CoA by the action of
4-coumarate-CoA ligase (4CL). Finally, resveratrol synthase
(VST) catalyses the condensation of a phenylpropane unit of
4-coumaroyl-CoA with malonyl CoA, resulting in formation
of resveratrol.

Recently, a yeast was disclosed that could produce resvera-
trol from 4-coumaric acid that is found in small quantities in
grape must (Becker et al. 2003). The production of 4-couma-
royl-CoA, and concomitant resveratrol, in laboratory strains
of S. cerevisiae, was achieved by co-expressing a heterolo-
gous coenzyme-A ligase gene, from hybrid poplar, together
with the grapevine resveratrol synthase gene (vst1). The other
substrate for resveratrol synthase, malonyl-CoA, is already
endogenously produced in yeast and is involved in de novo
fatty-acid biosynthesis. The study showed that cells of S.
cerevisiae could produce minute amounts of resveratrol,
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either in the free form or in the glucoside-bound form, when
cultured in synthetic media that was supplemented with
4-coumaric acid.

However, said yeast would not be suitable for a commercial
application because it suffers from low resveratrol yield, and
requires addition of 4-coumaric acid, which is only present in
few industrial media. In order to facilitate and broaden the
application of resveratrol as both a pharmaceutical and neu-
traceutical, it is therefore highly desirable to obtain a yeast
that can produce resveratrol directly from glucose, without
addition of 4-coumaric acid.

A recent study (Ro and Douglas, 2004) describes the
reconstitution of the entry point of the phenylpropanoid path-
way in S. cerevisiae by introducing PAL, C4H and CPR from
Poplar. The purpose was to evaluate whether multienzyme
complexes (MECs) containing PAL and C4H are functionally
important at this entry point into phenylpropanoid metabo-
lism. By feeding the recombinant yeast with [3H]-phenyla-
lanine it was found that the majority of metabolized [3H]-
phenylalanine was incorporated into 4-[3H]-coumaric acid,
and that phenylalanine metabolism was highly reduced by
inhibiting C4H activity. Moreover, PAL-alone expressers
metabolized very little phenylalanine into cinnamic acid.
When feeding [3H]-phenylalanine and [ 14C]-trans-cinnamic
acid simultaneously to the triple expressers, no evidence was
found for channeling of the endogenously synthesized [3H]-
trans-cinnamic acid into 4-coumaric acid. Therefore, efficient
carbon flux from phenylalanine to 4-coumaric acid via reac-
tions catalyzed by PAL and C4H does not appear to require
channeling through a MEC in yeast, and sheer biochemical
coupling of PAL and C4H seems to be sufficient to drive
carbon flux into the phenylpropanoid pathway. In yet another
study (Hwang et al., 2003) production of plant-specific fla-
vanones by Escherichia coli was achieved through expression
of an artificial gene cluster that contained three genes of a
phenyl propanoid pathway of various heterologous origins;
PAL from the yeast Rhodotorula rubra, 4CL from the acti-
nomycete Streptomyces coelicolor, and chalcone synthase
(CHS) from the licorice plant Glycyrrhiza echinata. These
pathways bypassed C4H, because the bacterial 4CL enzyme
ligated coenzyme A to both trans-cinnamic acid and 4-cou-
maric acid. In addition, the PAL from Rhodotorula rubra uses
both phenylalanine and tyrosine as the substrates. Therefore,
E. coli cells containing the gene clusters and grown on glu-
cose, produced small amounts of two flavanones, pinocem-
brin (0.29 g/1) from phenylalanine and naringenin (0.17 g/1)
from tyrosine. In addition, large amounts of their precursors,
4-coumaric acid and trans-cinnamic acid (0.47 and 1.23
mg/liter respectively), were acumulated. Moreover, the yields
of these compounds could be increased by addition of phe-
nylalanine and tyrosine.

Whereas the enzyme from dicotylic plants utilizes only
phenylalanine efficiently, several studies indicated that PAL
from monocotylic plants, and some micro-organisms, utilizes
tyrosine as well (Rosler et al., 1997). In such reactions the
enzyme activity is designated tyrosine ammonia lyase (TAL,
FIG. 3). Conversion of tyrosine by TAL results in the direct
formation of 4-coumaric acid without the intermediacy of
C4H and CPR. Mostly both activities reside on the same
polypeptide and have very similar catalytic efficiencies, in
spite of large differences in Km and turnover number. How-
ever, most PAL/TAL enzymes from plants prefer phenylala-
nine rather than tyrosine. The level of TAL activity is mostly
lower than PAL activity, but the magnitude of this difference
varies over a wide range. For example, the parsley enzyme has
a Km for phenylalanine of 15-25 pM and for tyrosine 2.0-8.0
mM with turnover numbers 22 s~! and 0.3 s™* respectively. In
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contrast, the maize enzyme has a Km for phenylalanine only
15-fold higher than for tyrosine, and turnover numbers about
10-fold higher. Moreover, in the red yeasts, Rhodotorula glu-
tinis (Rhodosporidium toruloides) and -rubra, the TAL cata-
Iytic activity is close to the PAL catalytic activity with a ratio
of TAL/PAL of approximately 0.58. It is believed that the PAL
enzyme in these yeasts degrades phenylalanine as a catabolic
function and the trans-cinnamic acid formed is converted to
benzoate and other cellular materials, whereas in plants it is
thought to be merely a regulatory enzyme in the biosynthesis
of lignin, isoflavonoids and other phenylpropanoids.

Recently, an open reading frame was found in the bacte-
rium Rhodobacter capsulatus that encodes a hypothetical
biosynthetic tyrosine ammonia lyase (TAL) thatis involved in
the biosynthesis of the chromophore of the photoactive yel-
low protein (Kyndt et al., 2002). This was the first time that a
PAL-homologous gene was found in bacteria. The TAL gene
was isolated and overproduced in Escherichia coli. The Km
and kcat values for the conversion of tyrosine to 4-coumaric
acid were 15.6 uM and 27.7 s~ respectively, and for conver-
sion of L-phenylalanine to trans-cinnamic acid were 1277 uM
and 15.1 s7* respectively. As a consequence of the smaller Km
and a slightly larger kcat, the enzyme shows a strong prefer-
ence for tyrosine over L-phenylalanine, with a catalytic effi-
ciency (Knvkeat) for tyrosine of approximately 150-fold
larger than for phenylalanine. The kinetic studies established
that tyrosine, and not L-phenylalanine, is the natural substrate
of the enzyme under physiological conditions. Very recently
a study described the heterologous coexpression of phenyla-
lanine ammonia lyase, cinnamate-4-hydroxylase, 4-couma-
rate-Coa-ligase and chalcone synthase, for the production of
flavonoids in E. coli (Watts et al., 2004). The simultaneous
expression of all four genes, however, was not successful
because of a nonfunctional cinnamate-4-hydroxylase. The
substitution of phenylalanine ammonia lyase and cinnamate-
4-hydroxylase by a new tyrosine ammonia lyase that was
cloned from Rhodobacter sphaeroides, could, however,
solved the problem and led to high-level production of the
flavonone naringenin. Furthermore, said tyrosine ammonia
lyase from Rhodobacter sphaeroides is also used for heter-
ologous production of 4-coumaric acid (i.e. para-hydroxycin-
namic acid) in Escherichia coli (US-A-2004059103). Even-
more, further methods for development of a biocatalyst for
conversion of glucose into 4-coumaric acid are described.
US-A-2004023357 discloses a tyrosine ammonia lyase from
the yeast Trichosporon cutaneum for the production of cou-
maric acid in Escherichia coli and Saccharomyces cerevisiae.
US-A-2001053847 describes the incorporation of the wild
type PAL from the yeast Rhodotorula glutinis into E. coli,
underlining the ability of the wildtype PAL to convert
tyrosine directly to 4-coumaric acid. Moreover, there is also
exemplification of incorporation of the wildtype PAL from
the yeast Rhodotorula glutinis, plus a plant C4H and CPR into
E. coliand S. cerevisiae. Also described is the development of
a biocatalyst through mutagenesis of the wild type yeast PAL
Rhodotorula glutinis with enhanced TAL activity (US-A-
6521748). Neither of the aforementioned patents claim the
incorporation of 4CL and VST for the production of resvera-
trol.

Recently, evidence was shown that the filamentous fungi 4.
oryzae contained the enzyme chalcone synthase (CHS) that is
normally involved in the biosynthesis of flavonoids, such as
naringenin, in plants (Seshime et al., 2005). Indeed it was also
shown that 4. oryzae contained the major set of genes respon-
sible for phenylpropanoid-flavonoid metabolism, i.e PAL,
C4H and 4CL. However, there is no evidence that 4. oryzae
contained a stilbene synthase such as resveratrol synthase.
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The present invention now provides a micro-organism hav-
ing an operative metabolic pathway comprising at least one
enzyme activity, said pathway producing 4-coumaric acid
and producing resveratrol therefrom or an oligomeric or gly-
cosidically-bound derivative thereof. Such a micro-organism
may be naturally occurring and may be isolated by suitable
screening procedures, but more preferably is genetically
engineered.

Preferably, said resveratrol or derivative is produced in a
reaction catalysed by an enzyme in which endogenous malo-
nyl-CoA is a substrate, and preferably said resveratrol is
produced from 4-coumaroyl-CoA.

Said resveratrol or derivative is preferably produced from
4-coumaroyl-CoA by a resveratrol synthase which is prefer-
ably expressed in said micro-organism from nucleic acid
coding for said enzyme which is not native to the micro-
organism.

Generally herein, unless the context implies otherwise,
references to resveratrol include reference to oligomeric or
glycosidically bound derivatives thereof, including particu-
larly piceid.

Thus, in certain preferred embodiments, said resveratrol
synthase is a resveratrol synthase (EC 2.3.1.95) from a plant
belonging to the genus of Arachis, e.g. A. glabatra, A.
hypogaea, a plant belonging to the genus of Rheum, e.g. R.
tataricum, a plant belonging to the genus of Vitus, e.g. V.
labrusca, V. viparaia, V. vinifera, or any one of the genera
Pinus, Piceea, Lilium, Eucalyptus, Parthenocissus, Cissus,
Calochortus, Polygonum, Gnetum, Artocarpus, Nothofagus,
Phoenix, Festuca, Carex, Veratrum, Bauhinia or Pterolo-
bium.

Preferably, said 4-coumaric acid is produced from trans-
cinnamic acid, suitably by an enzyme in a reaction catalysed
by said enzyme in which oxygen is a substrate, NADH or
NADPH is a cofactor and NAD* or NADP" is a product.

Thus, said 4-coumaric acid may be produced from trans-
cinnamic acid by a cinnamate 4-hydroxylase, which prefer-
ably is expressed in said micro-organism from nucleic acid
coding for said enzyme which is not native to the micro-
organism.

In certain preferred embodiments, including those referred
to in the paragraphs above, said cinnamate-4-hydroxylase is a
cinnamate-4-hydroxylase (EC 1.14.13.11) from a plant or a
micro-organism. The plant may belong to the genus of Ara-
bidopsis, e.g. A. thaliana, a plant belonging to the genus of
Citrus, e.g. C. sinensis, C.xparadisi, a plant belonging to the
genus of Phaseolus, e.g. P. vulgaris, a plant belonging to the
genus of Pinus, e.g. P. taeda, a plant belonging to the genus of
Populus, e.g. P. deltoides, P. tremuloides, P. trichocarpa, a
plant belonging to the genus of Solanum, e.g. S. tuberosum, a
plant belonging to the genus of Vitus, e.g. Vitus vinifera, a
plant belonging to the genus of Zea, e.g. Z. mays, or other
plant genera e.g. Ammi, Avicennia, Camellia, Camptotheca,
Catharanthus, Glycine, Helianthus, Lotus, Mesembryanthe-
mum, Physcomitrella, Ruta, Saccharum, Vigna. The micro-
organism might be a fungus belonging to the genus Aspergil-
lus,e.g. A. oryzae.

Preferably, said 4-coumaric acid is produced from tyrosine
in a reaction catalysed by an enzyme in which ammonia is
produced and suitably, said 4-coumaric acid is produced from
tyrosine by a L-phenylalanine ammonia lyase or a tyrosine
ammonia lyase, e.g. tyrosine ammonia lyase (EC 4.3.1.5)
from yeast or bacteria. Suitably, the tyrosine ammonia lyase is
from the yeast Rhodotorula rubra or from the bacterium
Rhodobacter capsulatus.
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Optionally, said tyrosine ammonia lyase is expressed in
said micro-organism from nucleic acid coding for said
enzyme which is not native to the micro-organism.

Alternatively, said trans-cinnamic acid may be produced
from L-phenylalanine in a reaction catalysed by an enzyme in
which ammonia is produced and suitably said trans-cinnamic
acid is formed from L-phenylalanine by a phenylalanine
ammonia lyase.

In certain preferred embodiments, said L-phenylalanine
ammonia lyase is a L-phenylalanine ammonia lyase (EC
4.3.1.5) from a plant or a micro-organism. The plant may
belong to the genus of Arabidopsis, e.g. A. thaliana, a plant
belonging to the genus of Brassica, e.g. B. napus, B. rapa, a
plant belonging to the genus of Citrus, e.g. C. reticulata, C.
clementinus, C. limon, a plant belonging to the genus of
Phaseolus, e.g. P. coccineus, P. vulgaris, a plant belonging to
the genus of Pinus, e.g. P. banksiana, P. monticola, P. pinas-
ter, P. sylvestris, P. taeda, a plant belonging to the genus of
Populus, e.g. P. balsamifera, P. deltoides, P. Canadensis, P.
kitakamiensis, P. tremuloides, a plant belonging to the genus
of Solanum, e.g. S. tuberosum, a plant belonging to the genus
of Prunus, e.g. P. avium, P. persica, a plant belonging to the
genus of Vitus, e.g. Vitus vinifera, a plant belonging to the
genus of Zea, e.g. Z. mays or other plant genera e.g.
Agastache, Ananas, Asparagus, Bromheadia, Bambusa,
Beta, Betula, Cucumis, Camellia, Capsicum, Cassia, Catha-
ranthus, Cicer, Citrullus, Coffea, Cucurbita, Cynodon, Dau-
cus, Dendrobium, Dianthus, Digitalis, Dioscorea, FEucalyp-
tus, Gallus, Ginkgo, Glycine, Hordeum, Helianthus,
Ipomoea, Lactuca, Lithospermum, Lotus, Lycopersicon,
Medicago, Malus, Manihot, Medicago, Mesembryanthe-
mum, Nicotiana, Olea, Oryza, Pisum, Persea, Petroselinum,
Phalaenopsis, Phyllostachys, Physcomitrella, Picea, Pyrus,
Quercus, Raphanus, Rehmannia, Rubus, Sorghum, Sphenos-
tylis, Stellaria, Stylosanthes, Triticum, Trifolium, Triticum,
Vaccinium, Vigna, Zinnia. The micro-organism might be a
fungus belonging to the genus Agaricus, e.g. A. bisporus, a
fungus belonging to the genus Aspergillus, e.g. A. oryzae, A.
nidulans, A. fumigatus, a fangus belonging to the genus Usti-
lago, e.g. U. maydis, a bacterium belonging to the genus
Rhodobacter, e.g. R. capsulatus, a yeast belonging to the
genus Rhodotorula, e.g. R. rubra.

Suitably, said L.-phenylalanine ammonia lyase is expressed
in said micro-organism from nucleic acid coding for said
enzyme which is not native to the micro-organism.

Preferably, 4-coumaroyl-CoA is formed in a reaction
catalysed by an enzyme in which ATP and CoA are substrates
and ADP is a product and suitably 4-coumaroyl-CoA is
formed in a reaction catalysed by a 4-coumarate-CoA ligase.

Said 4-coumarate-CoA ligase may be a 4-coumarate-CoA
ligase (EC 6.2.1.12) from a plant, a micro-organism or a
nematode. The plant may belong to the genus of Abies, e.g. A.
beshanzuensis, B. firma, B. holophylla, a plant belonging to
the genus of Arabidopsis, e.g. A. thaliana, a plant belonging
to the genus of Brassica, e.g. B. napus, B. rapa, B. oleracea,
a plant belonging to the genus of Citrus, e.g. C. sinensis, a
plant belonging to the genus of Larix, e.g. L. decidua, L.
gmelinii, L. griffithiana, L. himalaica, L. kaempferi, L.
laricina, L. mastersiana, L. occidentalis, L. potaninii, L.
sibirica, L. speciosa, a plant belonging to the genus of
Phaseolus, e.g. P. acutifolius, P. coccineus, a plant belonging
to the genus of Pinus, e.g. P. armandii P. banksiana, P. pin-
aster, a plant belonging to the genus of Populus, e.g. P. bal-
samifera, P. tomentosa, P. tremuloides, a plant belonging to
the genus of Solanum, e.g. S. tuberosum, a plant belonging to
the genus of Vitus, e.g. Vitus vinifera, a plant belonging to the
genus of Zea, e.g. Z. mays, or other plant genera e.g.
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Agastache, Amorpha, Cathaya, Cedrus, Crocus, Festuca,
Glycine, Juglans, Keteleeria, Lithospermum, Lolium, Lotus,
Lycopersicon, Malus, Medicago, Mesembryanthemum, Nic-
otiana, Nothotsuga, Oryza, Pelargonium, Petroselinum, Phy-
scomitrella, Picea, Prunus, Pseudolarix, Pseudotsuga, Rosa,
Rubus, Ryza, Saccharum, Suaeda, Thellungiella, Triticum,
Tsuga. The micro-organism might be a filamentous fungi
belonging to the genus Aspergillus, e.g. A. flavus, A. nidulans,
A. oryzae, A. fumigatus, a filamentous fungus belonging to the
genus Neurospora, e.g. N. crassa, a fungus belonging to the
genus Yarrowia, e.g. Y. lipolytica, a fungus belonging to the
genus of Mycosphaerella, e.g. M. graminicola, a bacterium
belonging to the genus of Mycobacterium, e.g. M. bovis, M.
leprae, M. tuberculosis, a bacterium belonging to the genus of
Neisseria, e.g. N. meningitidis, a bacterium belonging to the
genus of Streptomyces, e.g. S. coelicolor, abacterium belong-
ing to the genus of Rhodobacter, e.g. R. capsulatus, a nema-
tode belonging to the genus Ancylostoma, e.g. A. ceylanicum,
a nematode belonging to the genus Caenorhabditis, e.g. C.
elegans, a nematode belonging to the genus Haemonchus,
e.g. H. contortus, a nematode belonging to the genus Lum-
bricus, e.g. L. rubellus, a nematode belonging to the genus
Meloidogyne, e.g. M. hapla, a nematode belonging to the
genus Strongyloidus, e.g. S. rattii, S. stercoralis, a nematode
belonging to the genus Pristionchus, e.g. P. pacificus.

Optionally, a NADPH:cytochrome P450 reductase (CPR)
has been recombinantly introduced into said micro-organism.
This may be a plant CPR introduced into a non-plant micro-
organism. Alternatively, a native NADPH:cytochrome P450
reductase (CPR) has been overexpressed in said micro-organ-
ism.

In certain preferred embodiments, including those referred
to in the paragraphs above, said NADPH:cytochrome P450
reductase is a NADPH:cytochrome P450 reductase (EC
1.6.2.4) from a plant belonging to the genus of Arabidopsis,
e.g. A. thaliana, a plant belonging to the genus of Citrus, e.g.
C. sinensis, C.xparadisi, a plant belonging to the genus of
Phaseolus, e.g. P. vulgaris, a plant belonging to the genus of
Pinus, e.g. P. taeda, aplant belonging to the genus of Populus,
e.g. P. deltoides, P. tremuloides, P. trichocarpa, a plant
belonging to the genus of Solanum, e.g. S. tuberosum, a plant
belonging to the genus of Vitus, e.g. Vitus vinifera, a plant
belonging to the genus of Zea, e.g. Z. mays, or other plant
genera e.g. Ammi, Avicennia, Camellia, Camptotheca,
Catharanthus, Glycine, Helianthus, Lotus, Mesembryanthe-
mum, Physcomitrella, Ruta, Saccharum, Vigna.

Whilst the micro-organism may be naturally occurring,
preferably at least one copy of at least one genetic sequence
encoding a respective enzyme in said metabolic pathway has
been recombinantly introduced into said micro-organism.

Additionally or alternatively to introducing coding
sequences coding for a said enzyme, one may provide one or
more expression signals, such as promoter sequences, not
natively associated with said coding sequence in said organ-
ism. Thus, optionally, at least one copy of a genetic sequence
encoding a tyrosine ammonia lyase is operatively linked to an
expression signal not natively associated with said genetic
sequence in said organism, and/or at least one copy of a
genetic sequence encoding a L-phenylalanine ammonia lyase
is operatively linked to an expression signal not natively
associated with said genetic sequence in said organism.

Optionally, at least one copy of a genetic sequence encod-
ing cinnamate 4-hydroxylase, whether native or not, is opera-
tively linked to an expression signal not natively associated
with said genetic sequence in said organism.

Optionally, at least one copy of a genetic sequence encod-
ing a 4-coumarate-CoA ligase, whether native or not, is
operatively linked to an expression signal not natively asso-
ciated with said genetic sequence in said organism.

Optionally, at least one copy of a genetic sequence encod-
ing a resveratrol synthase, whether native or not, is opera-
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tively linked to an expression signal not natively associated
with said genetic sequence in said organism.

Expression signals include nucleotide sequences located
upstream (5' non-coding sequences), within, or downstream
(3' non-coding sequences) of a coding sequence, and which
influence the transcription, RNA processing or stability, or
translation of the associated coding sequence. Such
sequences may include promoters, translation leader
sequences, introns, and polyadenylation recognition
sequences.

In certain aspects the invention provides a metabolically
engineered micro-organism having an operative metabolic
pathway in which a first metabolite is transformed into a
second metabolite in a reaction catalysed by a first enzyme,
said reaction step producing ammonia, and in which said
second metabolite is transformed into a third metabolite in a
reaction catalysed by a second enzyme, in which oxygenis a
substrate, NADPH or NADH is a cofactor and NADP* or
NAD™ is a product, and in which said third metabolite is
transformed into a fourth metabolite in a reaction catalysed
by a third enzyme in which ATP and CoA is a substrate, and
ADRP is a product, and in which said fourth metabolite is
transformed into a fifth metabolite in a reaction catalysed by
a fourth enzyme in which endogenous malonyl-CoA is a
substrate.

The present invention also provides a metabolically engi-
neered micro-organism having an operative metabolic path-
way in which a first metabolite is transformed into a said third
metabolite catalysed by a first enzyme, said reaction step
producing ammonia, without the involvement of said second
enzyme, and in which said third metabolite is transformed
into a said fourth metabolite in a reaction catalysed by a said
third enzyme in which ATP and CoA is a substrate, and ADP
is a product, and in which said fourth metabolite is trans-
formed into a said fifth metabolite in a reaction catalysed by
a said fourth enzyme in which endogenous malonyl-CoA is a
substrate.

The micro-organisms described above include ones con-
taining one or more copies of an heterologous DNA sequence
encoding phenylalanine ammonia lyase operatively associ-
ated with an expression signal, and containing one or more
copies of an heterologous DNA sequence encoding cin-
namate-4-hydroxylase operatively associated with an expres-
sion signal, and containing one or more copies of an heter-
ologous DNA sequence encoding 4-coumarate-CoA-ligase
operatively associated with an expression signal, and contain-
ing one or more copies of an heterologous DNA sequence
encoding resveratrol synthase operatively associated with an
expression signal.

They include also ones lacking cinnamate-4-hydroxylase
activity, and containing one or more copies of a heterologous
DNA sequence encoding tyrosine ammonia lyase operatively
associated with an expression signal, and containing one or
more copies of an heterologous DNA sequence encoding
4-coumarate-CoA-ligase operatively associated with an
expression signal, and containing one or more copies of an
heterologous DNA sequence encoding resveratrol synthase
operatively associated with an expression signal.

Inthe present context the term “micro-organism” relates to
microscopic organisms, including bacteria, microscopic
fungi, including yeast.

More specifically, the micro-organism may be a fungus,
and more specifically a filamentous fungus belonging to the
genus of Aspergillus, e.g. A. niger, A. awamori, A. oryzae, A.
nidulans, a yeast belonging to the genus of Saccharomyces,
e.g. S. cerevisiae, S. kluyveri, S. bayanus, S. exiguus, S.
sevazzi, S. uvarum, a yeast belonging to the genus Kluyvero-
myces, e.g. K. lactis K. marxianus var. marxianus, K. ther-
motolerans, a yeast belonging to the genus Candida, e.g. C.
utilis C. tropicalis, C. albicans, C. lipolytica, C. versatilis, a
yeast belonging to the genus Pichia, e.g. P. stipidis, P. pas-
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toris, P. sorbitophila, or other yeast genera, e.g. Cryptococ-
cus, Debaromyces, Hansenula, Pichia, Yarrowia, Zygosac-
charomyces or Schizosaccharomyces. Concerning other
micro-organisms a non-exhaustive list of suitable filamentous
fungi is supplied: a species belonging to the genus Penicil-
lium, Rhizopus, Fusarium, Fusidium, Gibberella, Mucor,
Mortierella, Trichoderma.

Concerning bacteria a non-exhaustive list of suitable bac-
teria is given as follows: a species belonging to the genus
Bacillus, a species belonging to the genus Escherichia, a
species belonging to the genus Lactobacillus, a species
belonging to the genus Lactococcus, a species belonging to
the genus Corynebacterium, a species belonging to the genus
Acetobacter, a species belonging to the genus Acinetobacter,
a species belonging to the genus Pseudomonas, etc.

The preferred micro-organisms of the invention may be S.
cerevisiae, A. niger, A. oryzae, E. coli, L. lactis or B. subtilis.

The constructed and engineered micro-organism can be
cultivated using commonly known processes, including
chemostat, batch, fed-batch cultivations, etc.

Thus, the invention includes a method for producing res-
veratrol or an oligomeric or glycosidically-bound derivative
thereof comprising contacting a non-plant cell with a carbon
substrate in the substantial absence of an external source of
4-coumaric acid, said cell having the capacity to produce
resveratrol or an oligomeric or glycosidically-bound deriva-
tive thereof under the conditions, in which the micro-organ-
ism may be selected from the group consisting of fungi and
bacteria, especially yeast.

Said carbon substrate is optionally selected from the group
of fermentable carbon substrates consisting of monosaccha-
rides, oligosaccharides and polysaccharides, e.g. glucose,
fructose, galactose, xylose, arabinose, mannose, sucrose, lac-
tose, erythrose, threose, and/or ribose. Said carbon substrate
may additionally or alternatively be selected from the group
of non-fermentable carbon substrates including ethanol,
acetate, glycerol, and/or lactate. Said non-fermentable carbon
substrate may additionally or alternatively be selected from
the group of amino acids and may be phenylalanine and/or
tyrosine.

In an alternative aspect, the invention includes a method for
producing resveratrol or an oligomeric or glycosidically-
bound derivative thereof through heterologous expression of
nucleotide sequences encoding phenylalanine ammonia
lyase, cinnamate 4-hydroxylase, 4-coumarate-CoA ligase
and resveratrol synthase and also a method for producing
resveratrol through heterologous expression of nucleotide
sequences encoding tyrosine ammonia lyase, 4-coumarate-
CoA ligase and resveratrol synthase.

Resveratrol or an oligomeric or glycosidically-bound
derivative thereof so produced may be used as a nutraceutical
in a dairy product or a beverage such as beer.

Resveratrol produced according to the invention may be
cis-resveratrol or trans-resveratrol, but it is to be expected that
the trans-form will normally predominate.
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BRIEF DESCRIPTION OF THE DRAWINGS

To assist in the ready understanding of the above descrip-
tion of the invention reference has been made to the accom-
panying drawings in which:

FIG. 1 shows the chemical structure of trans-resveratrol,

FIG. 2 shows the phenylpropanoid pathway utilising phe-
nylalanine ammonia lyase acting on L-phenylalanine; and

FIG. 3 shows the alternative pathway utilising phenylala-
nine ammonia lyase acting on L-tyrosine.

FIG. 4 shows the HPL.C-chromatograms of extracts of S.
cerevisiaze  strains  FSSC-PALC4H4CLVST, FSSC-
TAL4CLVST, grown on 100 g/l galactose. A chromatogram
of 60 nanogram of pure resveratrol is included.

FIG. 5 shows the UV absorption spectrum for pure trans-
resveratrol and trans-resveratrol produced by S. cerevisiae
strain FSSC-PALC4H4CLVST, grown on 100 g/1 galactose.

FIG. 6 shows the HPL.C-chromatograms of extracts from
E. coli strains FSEC-TAL4CLVST and FSEC-control, grown
on 50 g/1 glucose.

FIG. 7 shows the HPL.C-chromatograms of extracts from
E. coli strains FSEC-TAL4CLVST and FSEC-control, grown
on 50 g/l glucose with addition of 20 mg/l coumaric acid. The
UV absorption spectrum for trans-resveratrol produced in
strain FSEC-TAL4CLVST is included.

The invention will be further described and illustrated by
the following non-limiting examples.

EXAMPLES
Example 1

Isolation of Genes Encoding PAL, TAL, C4H, CPR,4CL, and
VST

Phenylalanine ammonia lyase (PAL2) (Cochrane et al.,
2004; SEQ ID NO: 1, 2), cinnamate 4-hydroxylase (C4H)
(Mizutani et al., 1997; SEQ ID NO: 3, 4) and 4-coumarate:
CoenzymeA ligase (4CL1) (Hamberger and Hahlbrock 2004;
Ehlting et al., 1999; SEQ ID NO: 5, 6) were isolated via PCR
from A. thaliana ¢cDNA (BioCat, Heidelberg, Germany)
using the primers in table 1. PAL2 and 4CL1 were chosen
amongst several 4. thaliana homologues due to favourable
kinetic parameters towards cinnamic acid and coumaroyl-
CoA, respectively (Cochrane et al., 2004; Hamberger and
Hahlbrock 2004; Ehlting et al., 1999).

The coding sequence of resveratrol synthase (VST) from
Rheum tataricum (Samappito et al., 2003; SEQ ID NO: 7, 8)
and tyrosine ammonia lyase (TAL) from Rhodobacter cap-
sulatus (Kyndt et al., 2002; SEQ ID NO: 11, 12) were codon
optimized for expression in S. cerevisiae using the online
service backtranslation tool at www.entelechon.com, yield-
ing sequence SEQ ID NO: 9, 10 and SEQ ID NO: 13, 14
respectively. Oligos for the synthetic gene assembly were
constructed at MWG Biotech and the synthetic gene was
assembled by PCR using a slightly modified method protocol
of from Martin et al. (2003) described below.

TABLE 1

Primers and restriction sites for the amplification of genes

Primer for amplification of gene*
(Restriction sites are underlined)

Restriction Restriction

Gene site: primer site: vector

5'-CGGAATTCTCATGGATCAAATCGAAGCAATGTT

5'-CGACTAGTTTAGCAAATCGGAATCGGAGC

PAL2 EcoR1 EcoR1

PAL2 Spel Spel
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TABLE 1-continued
Primersg and resgtriction sites for the amplification of genesg
Primer for amplification of gene* Restriction Restriction
(Restriction sites are underlined) Gene site: primer site: vector
5'-CGCTCGAGAT ATGGACCTCCTCTTGCTGGA C4H Xhol Xhol
5'-CGGGTACCTTAACAGTTCCTTGGTTTCATAAC C4H Kpnl Kpnl
5'-GCTCTAGACCT ATGGCGCCACAAGAACAAGCAGTTT 4CL1 Xbal Spel
5'-GCGGATCCCCT TCACAATCCATTTGCTAGTTT TGCC 4CL1 BamH1 BglII
5'-CC GGATCCAAATGGCCCCAGAAGAGAGCAGG VST BamH1 BamELl
5'-CG CTCGAGTTAAGTGATCAATGGAACCGAAGACAG VST Xhol Xhol
5'-CCGAATTCCCATGACCCTGCAATCTCAAACAGCTARAG TAL EcoR1 EcoR1
5'-CCACTAGTTTAAGCAGGTGGATCGGCAGCT TAL Spel Spel
5'-CCCTCGAGATCATGCCGTTTGGAATAGACAACACCGA CPR1 Xhol Xhol
5'-CCAAGCTTATCGGGCTGATTACCAGACATCTTCTTG CPR1 HindIII HindIII
5'-CCGGATCCCCATGTCCTCTTCTTCTTCTTCGTCAAC AR2 Bamhl Bamhl
5'-CCCTCGAGGTGAGTGTGTGGCTTCAATAGTTT CG AR2 Xhol Xhol
*SEQ ID Nos 19-32
Primers from MWG for the assembly of the synthetic gene Example 3
were dissolved in milliQ-water to a concentration of 100 30

pmole/ul. An aliquot of 5 ul of each primer was combined in
a totalmix and then diluted 10-fold with milliQ water. The
gene was assembled via PCR using 5 pl diluted totalmix per
50 ul as template for fusion DNA polymerase (Finnzymes).
The PCR programme was as follows: Initial 98° C. for 30s.,
and then 30 cycles with 98° C. for 10 5., 40° C. for 1 min. and
72° C. at 1 min./1000 basepairs, and a final 72° C. for 5 min.
From the resulting PCR reaction, 20 pl was purified on 1%
agarose gel. The result was a PCR smear and the regions
around the wanted size were cut out from agarose gel and
purified using the QiaQuick Gel Extraction Kit (Qiagen). A
final PCR with the outer primers (for TAL and VST) in table
1 rendered the required TAL and VST genes. Point mutations
were corrected using either the Quickchange site directed
mutagenesis [I kit (Stratagene, La Jolla, Calif.), or using PCR
from overlapping error free DNA stretches from several dif-
ferent E. coli subclones.

NADPH:Cytochrome P450 reductase (CPR) from A.
thaliana (AR2) (Mizutani and Ohta, 1998; SEQ ID NO: 17,
18) and from S. cerevisiae (CPR1) (Aoyamaetal., 1978; SEQ
ID NO: 15, 16), were isolated from A. thaliana cDNA (Bio-
Cat, Heidelberg, Germany) and S. cerevisae genomic DNA,
respectively, using the primers in table 1.

Example 2

Construction of a Yeast Vector for Expression of PAL

The gene encoding PAL, isolated as described in example
1, was reamplified by PCR using forward- and reverse prim-
ers, with 5' overhangs containing EcoR1 and Spel restriction
sites (table 1). The amplified PAL PCR product was digested
with EcoR1/Spel and ligated into EcoR1/Spel digested
pESC-URA vector (Stratagene), resulting in vector pESC-
URA-PAL. The sequence of the gene was verified by
sequencing of two different clones.
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Construction of a Yeast Vector for Expression of PAL and
C4H

The gene encoding C4H, isolated as described in example
1, was amplified by PCR using the forward- and reverse
primers, with 5' overhangs containing Xho1 and Kpn1 restric-
tion sites. The amplified C4H PCR-product was digested with
Xhol/Kpnl and ligated into similarly digested pESC-URA-
PAL vector. The resulting plasmid, pESC-URA-PAL-C4H,
contained the genes encoding PAL and C4H under the control
of'the divergent GAL1/GAL 10 promoter. The sequence of the
gene encoding C4H was verified by sequencing of two dif-
ferent clones.

Example 4

Construction of a Yeast Vector for Expression of 4CL

The gene encoding 4CL was isolated as described in
example 1. The amplified 4CL PCR-product was digested
with Xbal/BamH1 and ligated into Spel/Bglll digested
pESC-TRP vector (Stratagene), resulting in vector pESC-
TRP-4CL.

Two different clones of pESC-TRP-4CL were sequenced
to verify the sequence of the cloned gene.

Example 5

Construction of a Yeast Vector for Expression of 4CL and
VST

The gene encoding VST was isolated as described in
example 1. The amplified synthetic VST gene was digested
with BamH1/Xho1 and ligated into BamH1/Xhol digested
pESC-TRP-4CL (example 4). The resulting plasmid, pESC-
TRP-4CL-VST, contained the genes encoding 4CIL and VST
under the control of the divergent GAL1/GAL10 promoter.
The sequence of the gene encoding VST was verified by
sequencing of two different clones of pESC-TRP-4CL-VST.
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Example 6

Construction of a Yeast Vector for Expression of TAL

The gene encoding TAL was isolated as described in
example 1. The amplified synthetic TAL gene was digested
with EcoR1/Spel and ligated into EcoR1/Spel-digested
pESC-URA vector. The resulting plasmid, pESC-URA-TAL,
contained the gene encoding for TAL under the control of the
divergent GAL1/GAL10 promoter. The sequence was veri-
fied by sequencing of two different clones of pESC-URA-
TAL.

Example 7

Construction of a Yeast Vector for Overexpression of S. cer-
evisiae Endogenous CPR

The gene encoding CPR from S. cerevisiae (CPR1) was
isolated as described in example 1. The amplified CPR1 gene
was digested with Xhol/HindIII and ligated into Xho1/Hin-
dIlI-digested pESC-LEU vector (Stratagene), resulting in
vector pESC-LEU-CPR1. The sequence was verified by
sequencing of two different clones of pESC-LEU-CPR1.

Example 8

Construction of a Yeast Vector for Overexpression of A.
thaliana CPR (AR2)

The gene encoding CPR from 4. thaliana (AR2) was iso-
lated as described in example 1. The amplified AR2 gene was
digested with BamH1/Xho1 and ligated into BamH1/Xhol
digested pESC-LEU vector (Stratagene), resulting in vector
pESC-LEU-AR2. The sequence was verified by sequencing
of two different clones of pESC-LEU-AR2.

Example 9

Expression of the Pathway to Resveratrol in the Yeast S.
cerevisiae Using PAL, C4H, 4CL and VST

Yeast strains containing the appropriate genetic markers
were transformed with the vectors described in examples 2, 3,
4,5, 6,7 and 8, separately or in combination. The transfor-
mation of the yeast cell was conducted in accordance with
methods known in the art, for instance, by using competent
cells or by electroporation (see, e.g., Sambrook et al., 1989).
Transformants were selected on medium lacking uracil and/
or tryptophan and streak purified on the same medium.

S. cerevisiae strain CEN.PK 113-5D (MATa ura3) was
transformed separately with the vector pESC-URA-PAL (ex-
ample 2), yielding the strain FSSC-PAL, and with pESC-
URA-PAL-C4H (example 3), resulting in the strain FSSC-
PALCA4H. S. cerevisiae strain FS01267 (MATa trp1 ura3) was
co-transformed with pESC-URA-PAL-C4H and pESC-TRP-
4CL (example 4), and the transformed strain was named
FSSC-PALC4HACL. The same strain was also co-trans-
formed with pESC-URA-PAL-C4H and pESC-TRP-4CL-
VST (example 5), resulting in the strain FSSC-
PALC4H4CLVST.

Example 10

Expression of the Pathway to Resveratrol in S. cerevisiae
Using TAL, 4CL and VST

S. cerevisiae strain CEN.PK 113-5D (MATa ura3) was
transformed separately with the vector pESC-URA-TAL (ex-
ample 6), yielding the strain FSSC-TAL. S. cerevisiae strain
FS01267 (MATa trpl ura3) was co-transformed with pESC-
URA-TAL (example 6) and pESC-TRP-4CL (example 4),

5

10

15

20

25

30

35

40

45

50

55

60

14
and the transformed strain was named FSSC-TAL4CL. The
same strain was also co-transformed with pESC-URA-TAL
and pESC-TRP-4CL-VST (example 5), resulting in the strain
FSSC-TAL4CLVST. Transformants were selected on
medium lacking uracil and or tryptophan and streak purified
on the same medium.

Example 11

Expression of the Pathway to Resveratrolin S. cerevisiae with
Overexpressed Endogenous CPR

S. cerevisiae strain FS01277 (MATa ura3 leu2 trpl) was
co-transformed with vectors pESC-URA-PAL-C4H (ex-
ample 3), pESC-TRP-4CL (example 4), and pESC-LEU-
CPR1 (example 7). The transformed strain was named FSSC-
PALC4HACLVSTCPR. Transformants were selected on
medium lacking uracil and/or tryptophan and streak purified
on the same medium.

Example 12

Expression of the Pathway to Resveratrolin S. cerevisiae with
Overexpressed A. thaliana CPR (AR2)

S. cerevisiae strain FS01277 (MATa ura3 leu2 trpl) was
co-transformed with vectors pESC-URA-PAL-C4H (ex-
ample 3), pESC-TRP-4CL (example 4), and pESC-LEU-
AR?2 (example 8). The transformed strain was named FSSC-
PALC4HACLVSTAR2. Transformants were selected on
medium lacking uracil and or tryptophan and streak purified
on the same medium.

Example 13

Fermentation with Recombinant Yeast Strains in Shake
Flasks

The recombinant yeast strains were inoculated from agar
plates with a sterile inoculation loop and grown in 200 ml
defined mineral medium (Verduyn et al, 1992) that contained
vitamins, trace elements, 5 g/1 glucose and 40 g/1 or 100 g/1
galactose. The 500 ml stoppered shake flasks were incubated
for three days at 30° C. and 160 rpm.

Example 14

Extraction of Resveratrol

Cells were harvested by centrifugation 5000 g for 5 min-
utes. An aliquot of 50 ml of supernatant was extracted once
with 20 ml ethyl acetate. The ethyl acetate was freeze dried
and the dry product redissolved in 0.7 ml methanol and fil-
tered into HPLC vials.

The cell pellet from 200 ml medium was dissolved in 1 to
2 ml water and divided into 3 fastprep tubes and broken with
glass beads. The crude extracts from the three tubes were
pooled into 10 ml 100% methanol in a 50 ml sartorius tube
and extracted on a rotary chamber for 48 hours in a dark cold
room at 4° C. After 48 hours the cell debris was removed via
centrifugation for 5 min. at 5000 g and the methanol was
removed by freeze-drying overnight. The dried residue was
redissolved in 1 ml phosphate-citrate buffer pH 5.4 and 10
units beta-glucosidase from almonds was added (Sigma) to
release resveratrol from putatively glucoside-bound forms.
The mixture was incubated for three hours at 37° C. and then
extracted twice with 1 ml ethyl acetate. The combined ethyl
acetate was freeze dried and the dry residue was redissolved
in 0.7 ml methanol and filtered into HPLC vials.
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Example 15

Analysis of Resveratrol
Thin Layer Chromatography

A method based upon thin layer chromatography that
enabled the quick separation of cinnamic, coumaric and res-
veratrol on the same TLC-plate was developed for quick
screening analysis. An aliquot of 1 ml culture containing both
cells and supernatant were extracted with 500 microliter ethyl
acetate and centrifuged for 30 s. at 13000 rpm with a micro-
centrifuge. The ethyl acetate was dried and redissolved in
methanol. The extracts were analyzed on Silica G plates (0.2
mm Alugram SIL G/UV,s,, Macherey-Nagel) containing a
fluorescent indicator. The mobile phase was a mixture of
chloroform, ethyl acetate and formic acid (25:10:1).

HPLC

For quantitative analysis of cinnamic acid, coumaric acid,
and resveratrol, samples were subjected to separation by
high-performance liquid chromatography (HPLC) Agilent
Series 1100 system (Hewlett Packard) prior to uv-diode-array
detection at A=306 nm. A Phenomenex (Torrance, Calif.,
USA) Luna 3 micrometer C18 (100x2.00 mm) column was
used at 40° C. As mobile phase a gradient of acetonitrile and
milliq water (both containing 50 ppm trifluoroacetic acid)
was used at a flow of 0.4 ml/min. The gradient profile was
linear from 15% acetonitrile to 100% acetonitrile over 20
min. The elution times were approximately 3.4 min. for cou-
maric acid, 5.5 min. for free trans-resveratrol and 6.8 min. for
cinnamic acid.

Pure resveratrol standard was purchased from Cayman
chemical company, whereas pure coumaric acid and cin-
namic acid standards were purchased from and Sigma.
Results

Strains FSSC-PALC4H4CLVST and FSSC-TAL4CLVST,
were cultivated on 100 g/1 galactose as described in example
13, and analyzed for their content of intracellular resveratrol
according to example 14 and 15. Additionally, a control strain
FSSC-control was included that contained the empty vectors
pESC-URA and pESC-TRP only. The HPLC-analysis
showed that strains FSSC-PALC4HACLVST and FSSC-
TAL4CLVST contained a component with a retention time of
5.5 min. that was identical to trans-resveratrol (FIG. 4). Said
result was confirmed by the UV absorption spectra that were
similar to the absorption spectrum of pure trans-resveratrol
(FIG. 5) as well, with a A, of approximately 306 nm.

The results, therefore, demonstrated the presence of an
active phenyl-propanoid pathway in S. cerevisiae thatled to in
vivo production of trans-resveratrol. The production of res-
veratrol can most likely be improved by cultivating the strains
under well-defined growth conditions in batch- and continu-
ous cultures, and/or optimizing the expression/activities of
the individual enzymes.

Example 16

Construction of a Bacterial Vector for Expression of TAL in
Escherichia coli

The gene encoding TAL, isolated as described in Example
1, was reamplified by PCR from the plasmid pESC-URA-
TAL (example 6) using the forward primer 5'-CCG CTCGAG
CGGATGACC CTG CAATCT CAAACA GCTAAA G-3'
SEQ ID NO 33 and the reverse primer 5'-GC GGATCC TTA
AGC AGG TGG ATC GGC AGC T-3' SEQ IDNO 34 with 5'
overhangs containing the restriction sites Xhol and BamHI,
respectively. The introduction of restriction sites at the 5' and
3' ends of the gene allowed ligation of the restricted PCR
product into a pET16b vector (Novagen), digested with Xhol

10

15

20

25

30

35

40

45

50

55

60

65

16

and BamHI to yield pET16b-TAL. The pET16b vector con-
tained both the ampicillin resistance gene, and the T7 pro-
moter. Hence, above procedure resulted in a vector with an
antibiotic selection marker that contained the gene encoding
for TAL under the control of the T7 promoter. The sequence
of'the gene encoding TAL was verified by sequencing of one
clone of pET16b-TAL.

Example 17

Construction of a Bacterial Vector for Expression of 4CL and
VST in Escherichia coli

The gene encoding VST, isolated as described in example
1, was cut out with the restriction enzymes BamHI and Xhol
from the digested plasmid pESC-TRP-4CL-VST (example
5), which contains the genes encoding 4CL and VST. The
VST gene was ligated into a pET26b vector (Novagen), con-
taining the kanamycin resistance gene, digested with BamHI
and Sall to yield pET26b-VST. The restriction enzymes Xhol
and Sall have compatible ends, which enabled proper liga-
tion. The pET26b vector contained both the kanamycin resis-
tance gene, and the T7 promoter. Hence, above procedure
resulted in a vector with an antibiotic selection marker that
contained the gene encoding for VST under the control of the
T7 promoter.

The gene encoding for 4CL, isolated as described in
example 1, was reamplified by PCR from the plasmid pESC-
URA-4CL-VST (example 5) using the forward primer 5'-TG
CCATGG CA ATGGCGCCAC AAGAACAAGC AGTTT-3'
SEQ ID NO 35 and the reverse primer 5'-GC GGATCC CCT
TCA CAATCCATT TGC TAG TTT TGCC-3' SEQ ID NO
36 with 5' overhangs containing the restriction sites Ncol and
BamH]I, respectively. The introduction of restriction sites at
the 5" and 3' ends of the gene allowed ligation of the restricted
PCR product into a pET16b vector (Novagen) digested with
Ncol and BamHI. The resulting plasmid, pET16b-4CL, con-
tained the gene encoding for 4CL under the control of the T7
promoter. Both the T7 promoter and the gene encoding for
4CL were reamplified as one fragment by PCR from the
plasmid pET16b-4CL using the forward primer 5'-TT GCG-
GCCGCAAATCT CGATCC CGC GAA ATT AAT ACG-3'
SEQ ID NO 37 and the reverse primer 5'-CG CTCGAG CCT
TCA CAATCCATT TGC TAG TTT TGCC-3' SEQ ID NO
38 with 5' overhangs, containing the restriction sites Notl and
Xhol, respectively. The introduction of restriction sites at the
5" and 3' ends of the DNA fragment allowed ligation of the
restricted PCR product into the plasmid pET26b-VST that
was digested with Notl and Xhol before ligation. The result-
ing plasmid, pET26b-VST-4CL, contained the two genes
4CL and VST that each were under control of an individual T7
promoter.

Example 18

Expression of the Pathway to Resveratrol in Escherichia coli,
Using TAL, 4CL and VST

The transformation of the bacterial cell was conducted in
accordance with methods known in the art, for instance, by
using competent cells or by electroporation (see, e.g., Sam-
brook et al., 1989). The E. coli strain BL21 (DE3) (Novagen)
was co-transformed with the two vectors pET16b-TAL (ex-
ample 16) and pET26b-VST-4CL (Example 17), resulting in
strain FSEC-TAL4CLVST. In addition, E. coli strain BL21
(DE3) was co-transformed with the two empty vectors
pET16b (Novagen) and pET26b (Novagen), resulting in
strain FSEC-control, which was used as a control strain.
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Transformants were selected on Luria-Bertani (LB) medium
with 100 pg/ml ampicillin and 60 pg/ml kanamycin.

Example 19

Fermentation with Recombinant Escherichia coli Strains in
Shake Flasks

Pre-cultures of Escherichia coli BL21 (DE3) were grown
in glass tubes at 160 rpm and 37° C. in 7 ml of LB medium
containing 100 pg/ml ampicillin and 60 pg/ml kanamycin.
Exponentially growing precultures were used for inoculation
of 500 ml baffled shake flasks that contained 200 ml LB
medium supplemented with 50 g/1 glucose, 5 g/1 K,HPO,, 80
ng/ml ampicilin and 50 pg/ml kanamycin, which were incu-
bated at 160 rpm and 37° C. After 5 hours, isopropyl p-thioga-
lactopyranoside (IPTG) was added at a final concentration of
1 mM, as an inducer of the T7 promoter that was in front of
each of the three genes TAL, 4CL and VST. After an incuba-
tion period of 48 hours at 37° C., the cells were harvested and
subjected to extraction procedures and analysed for the pres-
ence of produced resveratrol.

Example 20

Extraction and Analysis of Resveratrol in Escherichia coli

Extraction and analysis was performed using the methods
as described in example 14 and 15.

Results

Strain FSEC-TAL4CLVST and FSEC-control, were culti-
vated on 50 g/l glucose as described in example 19, and
analyzed for their content of intracellular resveratrol accord-
ing to example 14 and 15. The HPLC-analysis showed that
strain FSEC-TAL4CLV ST did contain considerable amounts
of' a component with a retention time of 3.4 min., which is
identical to coumaric acid (FIG. 6). However, the extract did
not contain a component that eluted at the same time as
trans-resveratrol. Said result, therefore, indicated that the
tyrosine ammonia lyase (TAL) was active indeed, but did not
lead to production of detactable amounts of resveratrol. The
lack of resveratrol formation, however, could be the result of;
i) a non-functional coumarate-CoA ligase (4CL); ii) a non-
functional resveratrol synthase (VST); iii) too low levels of
coumaric acid, caused by either non-optimal cultivation con-
ditions, or non-optimal expression/activity of TAL, or
branching of coumaric acid into other products. To evaluate
said hypotheses, the strains were grown on similar media as
described in example 19 but now in the presence of 20 mg/1 of
coumaric acid. The subsequent HPLC-analysis of extracts of
FSEC-TAL4CLVST indeed showed a cluster of peaks around
the same retention time as trans-resveratrol, which was not
observed in extracts of FS-control (FIG. 6). Indeed, the UV
absorption spectrum of the peak with a retention time of 5.5
min. was similar to the spectrum of pure trans-resveratrol
(FIG. 7), whereas no such spectrum could be obtained for
peaks in the control strain. The results, therefore, strongly
suggest the presence of an active phenylpropanoid pathway in
Escherichia coli, which can lead to production of resveratrol.
Most likely the production of resveratrol without addition of
coumaric acid can be achieved by cultivating the strains under
well-defined growth conditions in batch- and continuous cul-
tures, and/or optimizing the expression/activities of the indi-
vidual enzymes.
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Example 21

Construction of a Bacterial Vector for Expression of PAL and
C4H in Lactococcus lactis

The plasmid pSH71 and derivatives thereof, which is used
in the following examples, is a bifunctional shuttle vector
with multiple origins of replication from Escherichia coli and
Lactococcus lactis. With that, the host range specificity
traverses Escherichia coli and other species of lactic acid
bacteria. Though transformations in Lactococcus lactis usu-
ally proceed without problems, putative difficult transforma-
tions in other species of lactic acid bacteria can, therefore, be
overcome by using Escherichia coli as an intermediate host
for the construction of recombinant plasmids. The plasmid
contains one or more marker genes to allow the microorgan-
ism that harbour them to be selected from those which do not.
The selection system that is used for Lactococcus lactis is
based upon dominant markers, e.g. resistance against eryth-
romycin and chloramphenicol, but systems based upon genes
involved in carbohydrate metabolism, peptidases and food
grade markers, have also been described. In addition, the
plasmid contains promoter- and terminator sequences that
allow the expression of the recombinant genes. Suitable pro-
moters are taken from genes of Lactococcus lactis e.g. lacA.
Furthermore, the plasmid contains suitable unique restriction
sites to facilitate the cloning of DNA fragments and subse-
quent identification of recombinants.

In the examples below the plasmid contains either the
erythromycine resistance gene, designated as pSH71-ERY”,
or the chloramphenicol resistance gene, designated as
pSH71-CM”

The gene encoding PAL, isolated as described in example
1, is reamplified by PCR from the plasmid pESC-URA-PAL.-
C4H (example 3), using forward- and reverse primers, with 5'
overhangs containing suitable restriction sites. The introduc-
tion of said restriction sites at the 5' and 3' ends of the gene
allows ligation of the restricted PCR product into a digested
pSH71-ERY” vector that contains the lacA promoter from
Lactococcus lactis. The resulting plasmid, pSH71-ERY"-
PAL, contains the gene encoding PAL under the control ofthe
lacA promoter from Lactococcus lactis.

The gene encoding C4H, isolated as described in example
1, is reamplified by PCR from the plasmid pESC-URA-PAL.-
C4H (example 3) using forward- and reverse primers, with 5'
overhangs containing suitable restriction sites. The introduc-
tion of said restriction sites at the 5' and 3' ends of the gene
allows ligation of the restricted PCR product into a digested
pSH71-CM” vector to yield pSH71-CM"-C4H. The lacA pro-
moter and the gene encoding C4H are reamplified as one
fragment by PCR from the plasmid pSH71-CM”"-C4H using
forward- and reverse primers, with 5' overhangs containing
suitable restriction sites. The introduction of said restriction
sites at the 5' and 3' ends of the DNA fragment allows ligation
of the restricted PCR product into the digested plasmid
pSH71-ERY"-PAL. The resulting plasmid, pSH71-ERY"-
PAL-C4H, contains the genes encoding PALL and C4H that are
each under the control of an individual lacA promoter. The
sequence of the genes encoding PAL and C4H is verified by
sequencing of two different clones of pSH71-ERY"-PAL-
C4H.

Example 22

Construction of a Bacterial Vector for Expression of TAL in
Lactococcus lactis

The gene encoding for TAL, isolated as described in
example 1, is reamplified by PCR from the plasmid pESC-
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URA-TAL (example 6) using forward- and reverse primers,
with 5' overhangs containing suitable restriction sites. The
introduction of said restriction sites at the 5' and 3' ends of the
gene allows ligation of the restricted PCR product into a
digested pSH71-ERY” vector. The resulting plasmid, pSH71-
ERY"-TAL, contains the gene encoding for TAL under the
control of the lacA promoter from Lactococcus lactis. The
sequence of the gene encoding for TAL is verified by
sequencing of two different clones of pSH71-ERY"-TAL.

Example 23

Construction of a Bacterial Vector for Expression of 4CL and
VST in Lactococcus lactis

The gene encoding 4CL, isolated as described in example
1, is reamplified by PCR from the plasmid pESC-TRP-4CL.-
VST (example 5), using forward- and reverse primers, with 5'
overhangs containing suitable restriction sites. The introduc-
tion of said restriction sites at the 5' and 3' ends of the gene
allows ligation of the restricted PCR product into a digested
pSH71-CM” vector. The resulting plasmid, pSH71-CM’-
4CL, contains the gene encoding for 4CL under the control of
the lacA promoter from Lactobacillus lactis.

The gene encoding VST, isolated as described in example
1, is reamplified by PCR from the plasmid pESC-TRP-4CL.-
VST (example 5) using forward- and reverse primers, with 5'
overhangs containing suitable restriction sites. The introduc-
tion of said restriction sites at the 5' and 3' ends of the gene
allows ligation of the restricted PCR product into a digested
pSH71-ERY” vector. The resulting plasmid, pSH71-ERY"-
VST, contains the gene encoding VST under the control of the
lacA promoter from Lactococcus lactis. The lacA promoter
and the gene encoding VST are reamplified as one fragment
by PCR from the plasmid pSH71-ERY"-VST using forward-
and reverse primers, with 5' overhangs containing suitable
restriction sites. The introduction of said restriction sites at
the 5' and 3' ends of the DNA fragment allows ligation of the
restricted PCR product into the digested plasmid pSH71-
CM”™-4CL. The resulting plasmid, pSH71-CM"-4CL-VST,
contains the genes encoding 4CL and VST that are each under
the control of their individual lac A promoter. The sequence of
the genes encoding 4CL and VST is verified by sequencing of
two different clones of pSH71-CM"™-4CL-VST.

Example 24

Expression of the Pathway to Resveratrol in Lactococcus
lactis

Lactococcus lactis strains are transformed with the vectors
described in examples 21, 22 and 23, separately or in combi-
nation. The transformation of the bacterial cell is conducted
in accordance with methods known in the art, for instance, by
using competent cells or by electroporation (see, e.g., Sam-
brook et al., 1989). Transformants are selected on medium
containing the antibiotics erythromycin and chloramphenicol
and streak purified on the same medium.

Lactococcus lactis strain MG1363 is transformed sepa-
rately with the vector pSH71-ERY”-TAL (example 22), yield-
ing the strain FSLL-TAL; with pSH71-ERY"-PAL-C4H (ex-
ample 21), yielding the strain FSLL-PALC4H and with
pSH71-CM"-4CL-VST (example 23), yielding strain FSLL-
4CLVST. In addition, Lactococcus lactis strain MG1363 is
co-transformed with pSH71-ERY"-TAL (example 22) and
pSH71-CM"™-4CL-VST (example 23), and the transformed
strain is named FSLL-TAL4ACLVST. The same strain is also
co-transformed with pSH71-ERY"-PAL-C4H (example 21),
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and pSH71-CM™-4CL-VST (example 23), resulting in the
strain FSLL-PALC4H4CLVST.

Example 25

Fermentation with Recombinant Lactococcus lactis Strains
in Fermentors

The recombinant yeast strains can be grown in fermenters
operated as batch, fed-batch or chemostat cultures.

Batch and Fed-Batch Cultivations

The microorganism is grown in a baffled bioreactor with a
working volume of 1.5 liters under anaerobic, aerobic or
microaerobic conditions. All cultures are incubated at 30° C.,
at 350 rpm. A constant pH of 6.6 is maintained by automatic
addition of 10 M KOH. Cells are grown on lactose in defined
MS10 medium supplemented with the following components
to allow growthunder aerobic conditions: MnSO,, (1.25x107>
g/1), thiamine (1 mg/l), and pr-6,8-thioctic acid (2.5 mg/l).
The lactose concentration is, for example 50 g/1. The biore-
actors are inoculated with cells from precultures grown at 30°
C. in shake flasks on the medium described above buffered
with threefold-higher concentrations of K,HPO, and
KH,PO,. Anaerobic conditions are ensured by flushing the
medium with N, (99.998% pure) prior to inoculation and by
maintaining a constant flow of 50 ml/min of N, through the
headspace of the bioreactor during cultivation. The bioreac-
tors used for microaerobic and aerobic cultivation are
equipped with polarographic oxygen sensors that are cali-
brated with air (DOT, 100%) and N, (DOT, 0%). Aerobic
conditions are obtained by sparging the bioreactor with air at
a rate of 1 vvm to ensure that the DOT is more than 80%.
During microaerobic experiments the DOT is kept constant
5% by sparging the reactor with gas composed of a mixture of
N, and atmospheric air, at a rate of 0.25 vvm.

Chemostat Cultures

In chemostat cultures the cells can be grown in, for
example, 1-L working-volume Applikon laboratory fermen-
tors at 30° C. and 350 rpm. The dilution rate (D) can be set at
different values, e.g. at 0.050 h™*, 0.10h~, 0.15h™*, or 0.20
h~'. The pH is kept constant, e.g at 6.6, by automatic addition
of 5 M KOH, using the growth medium described above,
supplemented with antifoam (50 pl/1). The concentration of
lactose can be set at different values, e.g.is 3.0 g/16.0g/1, 12.0
g/l, 15.0 g/1 or 18.0 g/l. The bioreactor is inoculated to an
initial biomass concentration of 1 mg/1 and the feed pump is
turned on at the end of the exponential growth phase.

An anaerobic steady state is obtained by introducing 50
ml/min of N, (99.998% pure) into the headspace of the biore-
actor. Different anoxic steady states can obtained by sparging
the reactor with 250 ml/min of gas composed of N, (99.998%
pure) and atmospheric air at various ratios. The oxygen elec-
trode is calibrated by sparging the bioreactor with air (100%
DOT) and with N, (0% DOT).

For all conditions, the gas is sterile filtered before being
introduced into the bioreactor. The off gas is led through a
condenser cooled to lower than —-8° C. and analyzed for its
volumetric content of CO, and O, by means of an acoustic gas
analyser.

Cultivations are considered to be in steady state after at
least 5 residence times, and if the concentrations of biomass
and fermentation end products remain unchanged (less than
5% relative deviation) over the last two residence times.
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Example 26

Extraction and Analysis of Resveratrol in Lactococcus lactis
Extraction and analysis is performed using the methods as
described in examples 14 and 15.

Example 27

Construction of a Fungal Vector for Expression of PAL and
C4H in Species Belonging to the Genus Aspergillus

The plasmid that is used in the following examples, is
derived from pARp1 that contains the AMAI initiating rep-
lication sequence from Aspergillus nidulans, which also sus-
tains autonomous plasmid replication in A. niger and A.
oryzae (Gems etal., 1991). Moreover, the plasmid is a shuttle
vector, containing the replication sequence of Escherichia
coli, and the inherent difficult transformations in Aspergillus
niger and Aspergillus oryzae can therefore overcome by
using Escherichia coli as an intermediate host for the con-
struction of recombinant plasmids. The plasmid contains one
or more marker genes to allow the microorganism that har-
bour them to be selected from those which do not. The selec-
tion system can be either based upon dominant markers e.g.
resistance against hygromycin B, phleomycin and bleomy-
cin, or heterologous markers e.g amino acids and the pyrG
gene. In addition the plasmid contains promoter- and termi-
nator sequences that allow the expression of the recombinant
genes. Suitable promoters are taken from genes of Aspergil-
lus nidulans e.g. alcA, glaA, amy, niaD, and gpdA. Further-
more, the plasmid contains suitable unique restriction sites to
facilitate the cloning of DNA fragments and subsequent iden-
tification of recombinants.

The plasmid used in the following examples contains the
strong constitutive gpdA-promoter and auxotropic markers,
all originating from Aspergillus nidulans; the plasmid con-
taining the gene methG that is involved in methionine bio-
synthesis, is designated as pAMA1-MET; the plasmid con-
taining the gene hisA that is involved in histidine
biosynthesis, is designated as pAMA1-HIS.

The gene encoding PAL, isolated as described in example
1, is reamplified by PCR from the plasmid pESC-URA-PAL.-
C4H (example 3), using forward- and reverse primers, with 5'
overhangs containing suitable restriction sites. The introduc-
tion of said restriction sites at the 5' and 3' ends of the gene
allows ligation of the restricted PCR product into a digested
pAMA1-MET vector that contains the gpdA promoter from
Aspergillus nidulans. The resulting plasmid, pAMA1-MET-
PAL contains the gene encoding PAIL under the control of the
gpdA promoter from Aspergillus nidulans.

The gene encoding C4H, isolated as described in example
1, is reamplified by PCR from the plasmid pESC-URA-PAL.-
C4H (example 3) using forward- and reverse primers, with 5'
overhangs containing suitable restriction sites. The introduc-
tion of said restriction sites at the 5' and 3' ends of the gene
allows ligation of the restricted PCR product into a digested
PAMAL1-HIS vector to yield pAMA1-HIS-C4H. The gpdA
promoter and the gene encoding C4H are reamplified as one
fragment by PCR from the plasmid pAMA1-HIS-C4H using
forward- and reverse primers, with 5' overhangs containing
suitable restriction sites. The introduction of said restriction
sites at the 5' and 3' ends of the DNA fragment allows ligation
of the restricted PCR product into the digested plasmid
pAMAI1-MET-PAL. The resulting plasmid, pAMA1-MET-
PAL-C4H, contains the genes encoding PALL and C4H that are
each under the control of an individual pgdA promoter from
Aspergillus nidulans. The sequence of the genes encoding
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PAL and C4H is verified by sequencing of two different
clones of pAMA1-MET-PAL-C4H.

Example 28

Construction of a Fungal Vector for Expression of TAL in
Species Belonging to the Genus Aspergillus

The gene encoding for TAL, isolated as described in
example 1, is reamplified by PCR from the plasmid pESC-
URA-TAL (example 6) using forward- and reverse primers,
with 5' overhangs containing suitable restriction sites. The
introduction of said restriction sites at the 5' and 3' ends of the
gene allows ligation of the restricted PCR product into a
digested pAMAI1-MET vector. The resulting plasmid,
pAMAI1-MET-TAL, contains the gene encoding for TAL
under the control of the gpdA promoter from Aspergillus
nidulans. The sequence of the gene encoding for TAL is
verified by sequencing of two different clones of pAMAI-
MET-TAL.

Example 29

Construction of a Fungal Vector for Expression of 4CL and
VST in Species Belonging to the Genus Aspergillus

The gene encoding 4CL, isolated as described in example
1, is reamplified by PCR from the plasmid pESC-TRP-4CL.-
VST (example 5), using forward- and reverse primers, with 5'
overhangs containing suitable restriction sites. The introduc-
tion of said restriction sites at the 5' and 3' ends of the gene
allows ligation of the restricted PCR product into a digested
PAMAI1-HIS vector that contains the gpdA promoter from
Aspergillus nidulans. The resulting plasmid, pAMA1-HIS-
4CL contains the gene encoding 4CL under the control of the
gpdA promoter from Aspergillus nidulans.

The gene encoding VST, isolated as described in example
1, is reamplified by PCR from the plasmid pESC-TRP-4CL.-
VST (example 5) using forward- and reverse primers, with 5'
overhangs containing suitable restriction sites. The introduc-
tion of said restriction sites at the 5' and 3' ends of the gene
allows ligation of the restricted PCR product into a digested
pAMA1-MET vector to yield pAMA1-MET-VST. The gpdA
promoter and the gene encoding VST are reamplified as one
fragment by PCR from the plasmid pAMA1-MET-VST using
forward- and reverse primers, with 5' overhangs containing
suitable restriction sites. The introduction of said restriction
sites at the 5' and 3' ends of the DNA fragment allows ligation
of the restricted PCR product into the digested plasmid
pAMAI1-HIS-4CL. The resulting plasmid, pAMAI1-HIS-
4CL-VST, contains the genes encoding 4CL. and VST thatare
each under the control of an individual pgdA promoter from
Aspergillus nidulans. The sequence of the genes encoding
4CL and VST is verified by sequencing of two different
clones of pAMA1-HIS-4CL-VST.

Example 30

Expression of the Pathway to Resveratrol in Aspergillus niger

Aspergillus niger strains are transformed with the vectors
described in examples 27, 28 and 29, separately or in combi-
nation. The transformation of the fungal cell is conducted in
accordance with methods known in the art, for instance, by
electroporation or by conjugation (see, e.g., Sambrook et al.,
1989). Transformants are selected on minimal medium lack-
ing methionine and/or histidine.

A strain of Aspergillus niger that is auxotrophic for histi-
dine and methionine, for instance, strain FGSC A919 (see
http://www.fgsc.net), is transformed separately with the vec-
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tor pAMA1-MET-TAL (example 28), yielding the strain
FSAN-TAL; with pAMA1-MET-PAL-C4H (example 27),
yielding the strain FSAN-PALC4H and with pAMA1-HIS-
4CL-VST (example 29), yielding strain FSAN-4CLVST. In
addition, Aspergillus niger strain FGSC A919 is co-trans-
formed with pAMA1-MET-TAL (example 28) and pAMA1-
HIS-4CL-VST (example 29), and the transformed strain is
named FSAN-TALACLVST. The same strain is also co-trans-
formed with pAMA1-MET-PAL-C4H (example 27), and
PAMAI1-HIS-4CL-VST (example 29), resulting in the strain
FSAN-PALC4H4CLVST.

Example 31

Expression of the Pathway to Resveratrol in Aspergillus
oryzae

A strain of Aspergillus oryzae that contains a native set of
genes encoding for PAL, C4H and 4CL (Seshime et al., 2005)
and that is auxotrophic for methionine, is transformed with
the vector pAMA1-MET-VST (example 29), yielding the
strain FSAO-VST. The transformation of the fungal cell is
conducted in accordance with methods known in the art, for
instance, by electroporation or by conjugation (see, e.g., Sam-
brook et al., 1989). Transformants are selected on minimal
medium lacking methionine.

Example 32

Fermentation with Recombinant Strains of Aspergillus niger
and Aspergillus oryzae in Fermentors

The recombinant yeast strains can be grown in fermenters
operated as batch, fed-batch or chemostat cultures.

Batch and Fed-Batch Cultivations

The microorganism is grown in a baftled bioreactor with a
working volume of 1.5 liters under aerobic conditions. All
cultures are incubated at 30° C., at 500 rpm. A constant pH of
6.0 is maintained by automatic addition of 10 M KOH, and
aerobic conditions are obtained by sparging the bioreactor
with air at a rate of 1 vvm to ensure that the DOT is more than
80%. Cells are grown on glucose in defined medium consist-
ing of the following components to allow growth in batch
cultivations: 7.3 g/l (NH,),S0,, 1.5 g/l KH,PO,, 1.0 g/l
MgS0,.7H,0, 1.0 g/l NaCl, 0.1 g/l CaCl,.2H,0, 0.1 ml/1
Sigma antifoam, 7.2 mg/l ZnSO,.7H,0, 13 mgl
CuS0,.5H,0, 0.3 mg/l NiCl,.6H,0, 3.5 mg/l MnCl,.4H,0O
and 6.9 mg/1 FeSO,.7H,0. The glucose concentration is, for
example, 10- 20-, 30-, 40- or 50 g/l. To allow growth in
fed-batch cultivations the medium is composed of: 7.3 g/l
(NH,),S0,, 4.0 g/l KH,PO,, 1.9 g/l MgSO,.7H,0, 1.3 g/l
NaCl, 0.10 g/l CaCl,.2H,0, 0.1 ml/1 Sigma antifoam, 7.2
mg/l 7ZnSO,.7H,0, 1.3 mg/l CuSO,5H,0, 03 mg/l
NiCl,.6H,0, 3.5 mg/l MnCl,.4H,0 and 6.9 mg/1 FeSO,.H,O
in the batch phase. The reactor is then fed with, for example,
285 g/kg glucose and 42 g/kg (NH,),S0,.

Free mycelium from a pre-batch is used for inoculating the
batch- and fed-batch cultures. A spore concentration of 2.10°
spores/1 is used for inoculation of the pre-batch culture at pH
2.5. Spores are obtained by propagation of freeze-dried
spores onto 29 g rice to which the following components are
added: 6 ml 15 g/l sucrose, 2.3 g/l (NH,),SO,, 1.0 g/l
KH,PO,, 0.5 g/l MgSO,.7H,0, 0.50 g/l NaCl, 14.3 mg/l
ZnS0,.7H,0, 2.5 mg/ CuS0,.5H,0, 0.50 mg/1 NiCl,.6H, 0,
and 13.8 mg/1 FeSO,.7H,0O. The spores are propagated at 30°
C. for 7-14 days to yield a black layer of spores on the rice
grains and are harvested by adding 100 ml of 0.1% Tween 20
in sterile water. For all conditions, the gas is sterile filtered
before being introduced into the bioreactor. The oft gas is led
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through a condenser cooled to lower than —8° C. and analyzed
for its volumetric content of CO, and O, by means of an
acoustic gas analyser.

Chemostat Cultures

In chemostat cultures the cells can be grown in, for
example, 1.5-L. working-volume Biostat B laboratory fer-
mentors at 30° C. and 500 rpm. A constant pH of 6.0 is
maintained by automatic addition of 10 M KOH, and aerobic
conditions are obtained by sparging the bioreactor with air at
arate of 1 vvm to ensure that the DOT is more than 80%. The
dilution rate (D) can be set at different values, e.g. at 0.050
h™,0.10h7!,0.15h7", or 0.20 h~!. The pH is kept constant,
e.g at 6.6, by automatic addition of 10 M KOH, using a
minimal growth medium with the following components: 2.5
g/l (NH,),SO,, 0.75 g/l KH,PO,, 1.0 g/l MgSO,.7H,0, 1.0
g/l NaCl, 0.1 g/l CaCl,.2H,0, 0.1 mV/1 Sigma antifoam, 7.2
mg/l 7ZnSO,.7H,0, 13 mg/l CuSO,.5H,0, 03 mg/l
NiClL,.6H,O, 3.5 mg/l MnCl,.4H,0 and 6.9 mg/l
FeS0O,.7H,0. The concentration of glucose can be set at
different values, e.g. is3.0g/16.0g/1,12.0g/1,15.0 g/l or 18.0
g/1. The bioreactor is inoculated with free mycelium from a
pre-batch culture as described above, and the feed pump is
turned on at the end of the exponential growth phase.

For all conditions, the gas is sterile filtered before being
introduced into the bioreactor. The off gas is led through a
condenser cooled to lower than —-8° C. and analyzed for its
volumetric content of CO, and O, by means of an acoustic gas
analyser.

Cultivations are considered to be in steady state after at
least 5 residence times, and if the concentrations of biomass
glucose and composition of the off-gas remain unchanged
(less than 5% relative deviation) over the last two residence
times.

Example 33

Extraction and Analysis of Resveratrol in Aspergillus niger
and Aspergillus oryzae

Extraction and analysis is performed using the methods as
described in examples 14 and 15.
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SEQ ID NO: 1 is a nucleotide sequence from Arabidopsis
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SEQ ID NO: 2 is the amino acid sequence encoded by SEQ ID
NO: 1.
SEQ ID NO: 3 is a nucleotide sequence from Arabidopsis
thaliana encoding a cinnamate 4-hydroxylase (C4H).

28
SEQ ID NO: 12 is the amino acid sequence encoded by SEQ
IDNO: 11.
SEQ ID NO: 13 is a nucleotide sequence from Rhodobacter
capsulatus encoding a tyrosine ammonia lyase (TAL),

SEQID NO: 4 is the amino acid sequence encoded by SEQID 5 which is codon-optimized for expression in S. cerevisiae.

NO: 3. SEQ ID NO: 14 is the amino acid sequence encoded by SEQ
SEQ ID NO: 5 is a nucleotide sequence from Arabidopsis ID NO: 13.

thaliana encoding a 4-coumarate:CoenzymeA ligase SEQ ID NO: 15 is a nucleotide sequence from S. cerevisiae

(4CL1). encoding a NADPH:cytochrome P450 reductase (CPR1).
SEQ ID NO: 6 is the amino acid sequence encoded by SEQID 10 SEQ ID NO: 16 is the amino acid sequence encoded by SEQ

NO: 5. IDNO: 15.
SEQ ID NO: 7 is a nucleotide sequence from Rheum tatari- SEQ ID NO: 17 is a nucleotide sequence from Arabidopsis

cum encoding a resveratrol synthase (VST). thalianus encoding a NADPH:cytochrome P450 reductase
SEQ ID NO: 8 is the amino acid sequence encoded by SEQ ID (AR2).

NO: 7. 15 SEQ ID NO: 18 is the amino acid sequence encoded by SEQ
SEQ ID NO: 9 is a nucleotide sequence from Rheum tatari- ID NO: 17.

cum encoding a resveratrol synthase (VST), which is SEQ ID NOs 19-32 are primer sequences appearing in Table

codon-optimized for expression in S. cerevisiae. 1, Example 1.
SEQ ID NO: 10 is the amino acid sequence encoded by SEQ SEQ ID NOs 33-34 are primer sequences appearing in

ID NO: 9. 20 Example 16.
SEQ ID NO: 11 is a nucleotide sequence from Rhodobacter SEQ ID NOs 35-38 are primer sequences appearing in

capsulatus encoding a tyrosine ammonia lyase (TAL). Example 17

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 38

<210> SEQ ID NO 1

<211> LENGTH: 2154

<212> TYPE: DNA

<213> ORGANISM: Arabidopsis thaliana

<400> SEQUENCE: 1

atggatcaaa tcgaagcaat gttgtgcggce ggaggagaga agacaaaagt ggcggttact 60

acgaagactt tggcagatcc attgaattgg ggtttagcag cggatcaaat gaaaggaagt 120

catttagatg aagtgaagaa gatggtcgaa gagtatcgta gaccagtcgt gaatcttgge 180

ggagaaacac tgacgatcgg acaagttgct gccatctcca ccegtaggagg cagcgttaag 240

gttgagttag cggagacttc aagagccggt gtgaaagcta gcagtgattg ggttatggag 300

agcatgaaca aaggtactga cagttacgga gtcaccaccg gctttggtge tacttctcac 360

cggagaacca aaaacggcac cgcattacaa acagaactca ttagattttt gaacgccgga 420

atattcggaa acacgaagga gacatgtcac acactgccgce aatccgccac aagagccgcec 480

atgctcgtca gagtcaacac tcttctccaa ggatactcceg ggatccgatt cgagatccte 540

gaagcgatta caagtctcct caaccacaac atctctcegt cactacctct ccgtggaacc 600

attaccgcct ccggcgatct cgttectcte tettacatceg ccggacttet caccggecegt 660

cctaattcca aagccaccgg tcccgacggt gaatcgctaa ccgcgaaaga agcettttgag 720

aaagccggaa tcagtactgg attcttcgat ttacaaccta aggaaggttt agctctcegtt 780

aatggcacgg cggttggatc tggaatggcg tcgatggttce tattcgaage gaatgtccaa 840

gceggtgttag cggaggtttt atcagcgatc ttegeggagg ttatgagegg gaaacctgag 900

tttaccgatc atctgactca tcgtttaaaa catcatcccg gacaaatcga agcggceggceg 960

ataatggagc acatactcga cggaagctca tacatgaaat tagctcaaaa ggttcacgag 1020

atggatccat tgcagaaacc aaaacaagat cgttacgctc ttcgtacatc tcctcaatgg 1080

ctaggtcctc aaattgaagt aatccgtcaa gctacgaaat cgatagagcg tgaaatcaac 1140

tccgttaacg ataatcegtt gatcgatgtt tcgaggaaca aggcgattca cggtggtaac 1200

ttccaaggaa caccaatcgg agtttctatg gataacacga gattggcgat tgctgcgatt 1260
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30

-continued
gggaagctaa tgtttgctca attctctgag cttgttaatg atttctacaa caatggactt 1320
ccttcgaatce taactgcttc gagtaatcca agtttggatt atggattcaa aggagcagag 1380
attgctatgg cttcttattg ttctgagctt caatacttgg ctaatccagt cacaagccat 1440
gttcaatcag ctgagcaaca taatcaagat gtgaactctc ttggtttgat ctcgtctegt 1500
aaaacatctg aagctgtgga tattcttaag ctaatgtcaa caacgttcct tgtggggata 1560
tgtcaagctg ttgatttgag acatttggag gagaatctga gacaaactgt gaagaacaca 1620
gtttctcaag ttgctaagaa agtgttaacc actggaatca acggtgagtt acatccgtca 1680
aggttttgcg agaaggactt gcttaaggtt gttgatcgtg agcaagtgtt cacgtatgtg 1740
gatgatcctt gtagcgctac gtacccgttg atgcagagac taagacaagt tattgttgat 1800
cacgctttgt ccaacggtga gactgagaag aatgcagtga cttcgatctt tcaaaagatt 1860
ggagcttttyg aagaggagct taaggctgtg cttccaaagg aagttgaagc ggctagagcg 1920
gcttatggga atggaactgce gccgattecct aaccggatta aggaatgtag gtcgtatcecg 1980
ttgtataggt tcgtgaggga agagcttgga acgaagttgt tgactggaga aaaggttgtg 2040
tctececgggag aggagtttga taaggtcectte actgctatgt gtgaaggtaa acttattgat 2100
ccgttgatgg attgtctcaa ggaatggaac ggagctccga ttccgatttg ctaa 2154

<210> SEQ I
<211> LENGT.
<212> TYPE:

<213> ORGANISM: Arabidopsis

D NO 2
H: 717
PRT

<400> SEQUENCE: 2

Met Asp Gln
1

Val Ala Val

Ala Ala Asp
35

Val Glu Glu
50

Thr Ile Gly

Val Glu Leu

Trp Val Met

Thr Gly Phe
115

Leu Gln Thr
130

Thr Lys Glu
145

Met Leu Val

Phe Glu Ile

Pro Ser Leu

195

Pro Leu Ser

Ile Glu Ala Met Leu

5

Thr Thr Lys Thr Leu

20

Gln Met Lys Gly Ser

40

Tyr Arg Arg Pro Val

55

Gln Val Ala Ala Ile

70

Ala Glu Thr Ser Arg

85

Glu Ser Met Asn Lys

100

Gly Ala Thr Ser His

120

Glu Leu Ile Arg Phe

135

Thr Cys His Thr Leu
150

Arg Val Asn Thr Leu

165

Leu Glu Ala Ile Thr

180

Pro Leu Arg Gly Thr

200

Tyr Ile Ala Gly Leu

thaliana

Cys

Ala

25

His

Val

Ser

Ala

Gly

105

Arg

Leu

Pro

Leu

Ser
185

Ile

Leu

Gly

10

Asp

Leu

Asn

Thr

Gly

90

Thr

Arg

Asn

Gln

Gln
170
Leu

Thr

Thr

Gly

Pro

Asp

Leu

Val

75

Val

Asp

Thr

Ala

Ser

155

Gly

Leu

Ala

Gly

Gly Glu Lys
Leu Asn Trp
30

Glu Val Lys
45

Gly Gly Glu

Gly Gly Ser

Lys Ala Ser

Ser Tyr Gly
110

Lys Asn Gly
125

Gly Ile Phe
140

Ala Thr Arg

Tyr Ser Gly

Asn His Asn
190

Ser Gly Asp
205

Arg Pro Asn

Thr Lys
15

Gly Leu

Lys Met

Thr Leu

Val Lys

80

Ser Asp
95

Val Thr

Thr Ala

Gly Asn

Ala Ala
160

Ile Arg
175
Ile Ser

Leu Val

Ser Lys
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32

Ala
225
Lys

Leu

Ala

Leu

305

Ile

Lys

Ala

Arg

Asn

385

Phe

Ile

Asn

Asn

Ser

465

Ile

Ser

Leu

Ala

545

Arg

Phe

Arg

Glu

Glu
625

210

Thr

Ala

Ala

Leu

Ile

290

Thr

Met

Val

Leu

Gln

370

Pro

Gln

Ala

Asp

Pro

450

Tyr

Gln

Ser

Thr

Glu

530

Lys

Phe

Thr

Leu

Lys
610

Glu

Gly

Gly

Leu

Phe

275

Phe

His

Glu

His

Arg

355

Ala

Leu

Gly

Ala

Phe

435

Ser

Cys

Ser

Ser

Thr

515

Glu

Lys

Cys

Tyr

Arg

595

Asn

Leu

Pro

Ile

Val

260

Glu

Ala

Arg

His

Glu

340

Thr

Thr

Ile

Thr

Ile

420

Tyr

Leu

Ser

Ala

Arg

500

Phe

Asn

Val

Glu

Val

580

Gln

Ala

Lys

Asp

Ser

245

Asn

Ala

Glu

Leu

Ile

325

Met

Ser

Lys

Asp

Pro

405

Gly

Asn

Asp

Glu

Glu

485

Lys

Leu

Leu

Leu

Lys

565

Asp

Val

Val

Ala

Gly

230

Thr

Gly

Asn

Val

Lys

310

Leu

Asp

Pro

Ser

Val

390

Ile

Lys

Asn

Tyr

Leu

470

Gln

Thr

Val

Arg

Thr

550

Asp

Asp

Ile

Thr

Val
630

215

Glu

Gly

Thr

Val

Met

295

His

Asp

Pro

Gln

Ile

375

Ser

Gly

Leu

Gly

Gly

455

Gln

His

Ser

Gly

Gln

535

Thr

Leu

Pro

Val

Ser
615

Leu

Ser

Phe

Ala

Gln

280

Ser

His

Gly

Leu

Trp

360

Glu

Arg

Val

Met

Leu

440

Phe

Tyr

Asn

Glu

Ile

520

Thr

Gly

Leu

Cys

Asp

600

Ile

Pro

Leu

Phe

Val

265

Ala

Gly

Pro

Ser

Gln

345

Leu

Arg

Asn

Ser

Phe

425

Pro

Lys

Leu

Gln

Ala

505

Cys

Val

Ile

Lys

Ser
585
His

Phe

Lys

Thr

Asp

250

Gly

Val

Lys

Gly

Ser

330

Lys

Gly

Glu

Lys

Met

410

Ala

Ser

Gly

Ala

Asp

490

Val

Gln

Lys

Asn

Val

570

Ala

Ala

Gln

Glu

Ala

235

Leu

Ser

Leu

Pro

Gln

315

Tyr

Pro

Pro

Ile

Ala

395

Asp

Gln

Asn

Ala

Asn

475

Val

Asp

Ala

Asn

Gly

555

Val

Thr

Leu

Lys

Val
635

220

Lys

Gln

Gly

Ala

Glu

300

Ile

Met

Lys

Gln

Asn

380

Ile

Asn

Phe

Leu

Glu

460

Pro

Asn

Ile

Val

Thr

540

Glu

Asp

Tyr

Ser

Ile
620

Glu

Glu

Pro

Met

Glu

285

Phe

Glu

Lys

Gln

Ile

365

Ser

His

Thr

Ser

Thr

445

Ile

Val

Ser

Leu

Asp

525

Val

Leu

Arg

Pro

Asn
605

Gly

Ala

Ala

Lys

Ala

270

Val

Thr

Ala

Leu

Asp

350

Glu

Val

Gly

Arg

Glu

430

Ala

Ala

Thr

Leu

Lys

510

Leu

Ser

His

Glu

Leu
590
Gly

Ala

Ala

Phe

Glu

255

Ser

Leu

Asp

Ala

Ala

335

Arg

Val

Asn

Gly

Leu

415

Leu

Ser

Met

Ser

Gly

495

Leu

Arg

Gln

Pro

Gln

575

Met

Glu

Phe

Arg

Glu

240

Gly

Met

Ser

His

Ala

320

Gln

Tyr

Ile

Asp

Asn

400

Ala

Val

Ser

Ala

His

480

Leu

Met

His

Val

Ser

560

Val

Gln

Thr

Glu

Ala
640
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Ala Tyr Gly

Arg Ser Tyr

Leu Leu Thr

675

Val Phe Thr
690

Cys Leu Lys
705

<210> SEQ I
<211> LENGT.
<212> TYPE:

<213> ORGANISM: Arabidopsis

Asn Gly Thr Ala Pro

645

Pro Leu Tyr Arg Phe

660

Gly Glu Lys Val Val

680

Ala Met Cys Glu Gly

695

Glu Trp Asn Gly Ala
710

D NO 3
H: 1518
DNA

<400> SEQUENCE: 3

atggacctce

acggtgattt

ccgatetteg

tacgctaaga

gtctecteac

agaacgagaa

gtttacggceyg

aaagttgttc

gttaagaaga

atgatgtata

cctettttec

gagtataact

atttgtcaag

aggaagcaaa

cacatccttyg

gagaacatca

gagctagtga

ggaccgggtyg

gttaaggaga

catgatgcga

tggtggctag

ttetttgaag

ggtgttggac

attggtagga

actagtgaga

aaaccaagga

<210> SEQ I
<211> LENGT.

tcttgetgga

caaagcteeg

gaaactggcet

aattcggega

cggatctaac

acgtcgtgtt

agcattggag

aacagaatcg

atccagattce

acaatatgtt

ttaggcttaa

atggagattt

atgtgaaaga

ttgcgagtte

aagctgagca

atgtcgeege

accatcctga

tgcaagtcac

ctettegtet

agctegetgyg

caaacaaccc

aagaatcgca

gtcgaagetyg

tggtccagaa

aaggtggaca

actgttaa

D NO 4
H: 505

gaagtcttta

cggcaagaaa

tcaagtcgga

tctettecte

aaaggaagtg

cgacatttte

gaagatgaga

tgaaggttgg

tgctacgaaa

ccgtatcatg

ggctttgaat

cattcctatce

tcgaagaatc

taagcctaca

gaagggagaa

gattgagaca

aatccagagt

cgagcctgat

gagaatggcg

ctacgatatc

caacagctgg

cgtggaaget

tccegggatt

cttegagett

attcagcttg

Ile

Val

665

Ser

Lys

Pro

thaliana

Pro

650

Arg

Pro

Leu

Ile

Asn

Glu

Gly

Ile

Pro
715

atcgcegtet

ttgaagctac

gatgatctca

ctcegtatgg

ctcctecacte

accgggaaag

agaatcatga

gagtttgaag

ggaatcgtgt

ttcgatagaa

ggtgagagaa

cttagaccat

getettttea

ggtagtgaag

atcaacgagg

acattgtggt

aagctaagga

cttcacaaac

attcctcetec

ccagcagaaa

aagaagcctyg

aacggtaatg

atattggcat

cttectecte

cacatcctta

Arg Ile Lys

Glu Leu Gly
670

Glu Glu Phe

685

Asp Pro Leu

700

Ile Cys

tegtggeggt
ctccaggtee
accaccgtaa
gtcagcgaaa
aaggcgttga
gtcaagatat
cggttecttt
cagctagtgt
tgaggaaacyg
gatttgagag
gtcgattage
tcctcagagy
agaagtactt
gattgaaatg
acaatgttct
ctatcgagtyg
acgaactcga
ttccatacct
tcgtgectcea
gcaaaatcct
aagagtttag
acttcaggta
tgcctatttt
caggacagtce

accactccat

Glu Cys
655

Thr Lys

Asp Lys

Met Asp

gattctegee
tataccaatt
tctegtegat
cctagtegte
gtttggatce
ggtgttcact
cttcaccaac
tgttgaagat
tttgcaattyg
tgaggatgat
tcagagettt
ctatttgaag
tgttgatgag
tgccattgat
ttacatcgte
gggaattgca
cacagttett
tcaagctgty
catgaacctce
tgttaatgct
accagagagg
tgtgccattt
ggggatcacce

taaagtggat

aatcgttatg

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1080

1140

1200

1260

1320

1380

1440

1500

1518
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<212> TYPE:
<213> ORGANISM:

PRT

<400> SEQUENCE:

Met
1
Val

Leu

Glu

Lys

Met

Gln

145

Arg

Arg

Leu

Gly

225

Ile

Phe

Glu

Gly

305

Glu

Asp

Lys

Met

Leu
385

Asp

Ile

Pro

Gly

50

Gly

Ser

Phe

Gly

Arg

130

Asn

Lys

Leu

Arg

Asn

210

Asp

Cys

Val

Gly

Glu

290

Ala

Leu

Thr

Leu

Ala
370

Ala

Leu

Leu

Pro

35

Asp

Asp

Ser

Gly

Gln

115

Arg

Arg

Lys

Gln

Phe

195

Gly

Phe

Gln

Asp

Leu

275

Ile

Ala

Val

Val

Pro
355

Ile

Gly

Leu

Ala

20

Gly

Asp

Leu

Pro

Ser

100

Asp

Ile

Glu

Asn

Leu

180

Glu

Glu

Ile

Asp

Glu

260

Lys

Asn

Ile

Asn

Leu
340
Tyr

Pro

Tyr

Arabidopsis

4

Leu

Thr

Pro

Leu

Phe

Asp

85

Arg

Met

Met

Gly

Pro

165

Met

Ser

Arg

Pro

Val

245

Arg

Cys

Glu

Glu

His

325

Gly

Leu

Leu

Asp

Leu

Val

Ile

Asn

Leu

70

Leu

Thr

Val

Thr

Trp

150

Asp

Met

Glu

Ser

Ile

230

Lys

Lys

Ala

Asp

Thr

310

Pro

Pro

Gln

Leu

Ile
390

Glu

Ile

Pro

His

55

Leu

Thr

Arg

Phe

Val

135

Glu

Ser

Tyr

Asp

Arg

215

Leu

Asp

Gln

Ile

Asn

295

Thr

Glu

Gly

Ala

Val
375

Pro

thaliana

Lys

Ser

Ile

Arg

Arg

Lys

Asn

Thr

120

Pro

Phe

Ala

Asn

Asp

200

Leu

Arg

Arg

Ile

Asp

280

Val

Leu

Ile

Val

Val
360

Pro

Ala

Ser

Lys

25

Pro

Asn

Met

Glu

Val

105

Val

Phe

Glu

Thr

Asn

185

Pro

Ala

Pro

Arg

Ala

265

His

Leu

Trp

Gln

Gln

345

Val

His

Glu

Leu

10

Leu

Ile

Leu

Gly

Val

90

Val

Tyr

Phe

Ala

Lys

170

Met

Leu

Gln

Phe

Ile

250

Ser

Ile

Tyr

Ser

Ser

330

Val

Lys

Met

Ser

Ile

Arg

Phe

Val

Gln

75

Leu

Phe

Gly

Thr

Ala

155

Gly

Phe

Phe

Ser

Leu

235

Ala

Ser

Leu

Ile

Ile

315

Lys

Thr

Glu

Asn

Lys
395

Ala

Gly

Gly

Asp

60

Arg

Leu

Asp

Glu

Asn

140

Ser

Ile

Arg

Leu

Phe

220

Arg

Leu

Lys

Glu

Val

300

Glu

Leu

Glu

Thr

Leu
380

Ile

Val

Lys

Asn

45

Tyr

Asn

Thr

Ile

His

125

Lys

Val

Val

Ile

Arg

205

Glu

Gly

Phe

Pro

Ala

285

Glu

Trp

Arg

Pro

Leu
365

His

Leu

Phe

Lys

30

Trp

Ala

Leu

Gln

Phe

110

Trp

Val

Val

Leu

Met

190

Leu

Tyr

Tyr

Lys

Thr

270

Glu

Asn

Gly

Asn

Asp
350
Arg

Asp

Val

Val

15

Leu

Leu

Lys

Val

Gly

95

Thr

Arg

Val

Glu

Arg

175

Phe

Lys

Asn

Leu

Lys

255

Gly

Gln

Ile

Ile

Glu

335

Leu

Leu

Ala

Asn

Ala

Lys

Gln

Lys

Val

80

Val

Gly

Lys

Gln

Asp

160

Lys

Asp

Ala

Tyr

Lys

240

Tyr

Ser

Lys

Asn

Ala

320

Leu

His

Arg

Lys

Ala
400
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Trp Trp Leu

Arg Pro Glu

Asn Asp Phe

435

Gly Ile Ile
450

Val Gln Asn
465

Thr Ser Glu

Ile Ile Val

<210> SEQ I
<211> LENGT.
<212> TYPE:

<213> ORGANISM: Arabidopsis

Ala Asn Asn Pro Asn

405

Arg Phe Phe Glu Glu

420

Arg Tyr Val Pro Phe

440

Leu Ala Leu Pro Ile

455

Phe Glu Leu Leu Pro
470

Lys Gly Gly Gln Phe

485

Met Lys Pro Arg Asn

500

D NO 5
H: 1686
DNA

<400> SEQUENCE: 5

atggcgecac

agtgacgtca

cacgactaca

ccaaccggec

aattttcaca

ccecgaatteg

aaccctttet

ataatcaccyg

gtcatcgtet

accgagttga

ccggacgacyg

atgctgactce

aatctttatt

getttgaact

aagtttgaga

atggttcege

agctcgataa

gttaatgcca

ccagtgctag

tgtggtactg

ctttegagga

ctcaacaatc

gatattggat

atcaagtata

cctgacatta

aagaacaagc

tttteegate

tcttccaaaa

acgtgtacac

aactcggegt

tcectetettt

tcactcegge

aagctegtta

gcatcgacga

ctcagtegac

tggtggcact

acaagggact

tccacagega

cgatcatgtt

tcaatctget

cgattgtgtt

gagtggtgaa

agtttcctaa

caatgtegtt

ttgtaagaaa

atcaaccegg

cggcagcetac

tgatcgatga

aaggttttca

ctgatgttge

agtttctcag

aaagttaccyg

catctecgaa

ttactccgac

taaccaaaac

cctegeegec

ggagatagct

cgtcgacaaa

caacgaatcc

aaccgaggca

accttactcce

agtcacgagc

tgacgtcata

gtgtggtett

attggagetg

ggccattgeyg

atctggtget

tgccaaactc

aggttttgca

tgctgagatg

tgagatttgt

agcagagacc

cgatgacgag

ggtagcteceyg

tgttgtcgea

Ser

Glu

425

Gly

Leu

Pro

Ser

Cys
505

thaliana

Trp

410

Ser

Val

Gly

Pro

Leu
490

Lys

His

Gly

Ile

Gly

475

His

gtgatggaga

gatatttaca

ttcgccacta

gtccacgtca

gacgtcegtca

tcecttecgeyg

aaacaagcca

atcaaaccac

gtgccaatce

tcagaagtca

tctggcacga

gttgctcage

ctetgtgttt

agagttggtg

atccagaggt

aagtcttegyg

gcetectetty

ggtcagggat

aaggaacctt

aaaatagttg

attcgtggte

attgataaag

ctttteatcg

getgagetag

atgaaagaag

Lys Pro Glu
Val Glu Ala
430

Arg Arg Ser
445

Thr Ile Gly
460

Gln Ser Lys

Ile Leu Asn

aacagagcaa
tccegaacca
agccttgect
tctecegeca
tgctectect
gegcaaccege
aagcctccaa
ttcaaaacga
ctgaaggcetyg
tcgacteggt
cgggattace
aagtcgacgg
tgcccatgtt
cggegattet
gtaaagtgac
agacggagaa
gtaaagaact
acggaatgac
ttceggttaa
atccagacac
accagatcat
acggttgget
ttgatcgatt

aggctttget

aagcagctgg

Glu Phe
415

Asn Gly

Cys Pro

Arg Met

Val Asp

480

His Ser
495

caacaacaac
cctatetete
aatcaacgga
aatcgecgec
cccaaactgt
caccgecgea
caccaaactce
cgacggagta
cctecgette
ggagatttca
aaaaggagtyg
cgagaacccg
tcatatctac
gataatgccg
ggtggetecg
gtatgatttyg
tgaagatgcce
ggaagcaggt
gtcaggagcet
cggagattct
gaaaggttac
tcatactgga
gaaagaactt
catcggtceat

tgaagttect

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1080

1140

1200

1260

1320

1380

1440

1500
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gttgcatttg tggtgaaatc gaaggattcg gagttatcag aagatgatgt gaagcaattc 1560
gtgtcgaaac aggttgtgtt ttacaagaga atcaacaaag tgttcttcac tgaatccatt 1620
cctaaagctce catcagggaa gatattgagg aaagatctga gggcaaaact agcaaatgga 1680
ttgtga 1686
<210> SEQ ID NO 6

<211> LENGTH: 561

<212> TYPE: PRT

<213> ORGANISM: Arabidopsis thaliana

<400> SEQUENCE: 6

Met Ala Pro Gln Glu Gln Ala Val Ser Gln Val Met Glu Lys Gln Ser
1 5 10 15

Asn Asn Asn Asn Ser Asp Val Ile Phe Arg Ser Lys Leu Pro Asp Ile
20 25 30

Tyr Ile Pro Asn His Leu Ser Leu His Asp Tyr Ile Phe Gln Asn Ile
35 40 45

Ser Glu Phe Ala Thr Lys Pro Cys Leu Ile Asn Gly Pro Thr Gly His
50 55 60

Val Tyr Thr Tyr Ser Asp Val His Val Ile Ser Arg Gln Ile Ala Ala
65 70 75 80

Asn Phe His Lys Leu Gly Val Asn Gln Asn Asp Val Val Met Leu Leu
85 90 95

Leu Pro Asn Cys Pro Glu Phe Val Leu Ser Phe Leu Ala Ala Ser Phe
100 105 110

Arg Gly Ala Thr Ala Thr Ala Ala Asn Pro Phe Phe Thr Pro Ala Glu
115 120 125

Ile Ala Lys Gln Ala Lys Ala Ser Asn Thr Lys Leu Ile Ile Thr Glu
130 135 140

Ala Arg Tyr Val Asp Lys Ile Lys Pro Leu Gln Asn Asp Asp Gly Val
145 150 155 160

Val Ile Val Cys Ile Asp Asp Asn Glu Ser Val Pro Ile Pro Glu Gly
165 170 175

Cys Leu Arg Phe Thr Glu Leu Thr Gln Ser Thr Thr Glu Ala Ser Glu
180 185 190

Val Ile Asp Ser Val Glu Ile Ser Pro Asp Asp Val Val Ala Leu Pro
195 200 205

Tyr Ser Ser Gly Thr Thr Gly Leu Pro Lys Gly Val Met Leu Thr His
210 215 220

Lys Gly Leu Val Thr Ser Val Ala Gln Gln Val Asp Gly Glu Asn Pro
225 230 235 240

Asn Leu Tyr Phe His Ser Asp Asp Val Ile Leu Cys Val Leu Pro Met
245 250 255

Phe His Ile Tyr Ala Leu Asn Ser Ile Met Leu Cys Gly Leu Arg Val
260 265 270

Gly Ala Ala Ile Leu Ile Met Pro Lys Phe Glu Ile Asn Leu Leu Leu
275 280 285

Glu Leu Ile Gln Arg Cys Lys Val Thr Val Ala Pro Met Val Pro Pro
290 295 300

Ile Val Leu Ala Ile Ala Lys Ser Ser Glu Thr Glu Lys Tyr Asp Leu
305 310 315 320

Ser Ser Ile Arg Val Val Lys Ser Gly Ala Ala Pro Leu Gly Lys Glu
325 330 335
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Leu Glu Asp
Gly Tyr Gly
355

Phe Ala Lys
370

Val Arg Asn
385

Leu Ser Arg

Met Lys Gly

Lys Asp Gly

435

Asp Glu Leu
450

Gly Phe Gln
465

Pro Asp Ile

Gly Glu Val

Ser Glu Asp
515

Lys Arg Ile
530

Ser Gly Lys
545

<210> SEQ I
<211> LENGT.
<212> TYPE:
<213> ORGAN

Ala Val Asn Ala Lys

340

Met Thr Glu Ala Gly

360

Glu Pro Phe Pro Val

375

Ala Glu Met Lys Ile
390

Asn Gln Pro Gly Glu

405

Tyr Leu Asn Asn Pro

420

Trp Leu His Thr Gly

440

Phe Ile Val Asp Arg

455

Val Ala Pro Ala Glu
470

Thr Asp Val Ala Val

485

Pro Val Ala Phe Val

500

Asp Val Lys Gln Phe

520

Asn Lys Val Phe Phe

535

Ile Leu Arg Lys Asp
550

D NO 7

H: 1176
DNA

ISM: Rheum

<400> SEQUENCE: 7

atggcaccgg

gccatceggea

ttcegtgeca

gagaaatcga

ccaaatattg

gaagtggtgc

aagtcaaaga

gactatcaac

cacctaggat

aacaaggaag

ccatccgaaa

getgttatag

tctacatccce

aggagtccag

ctgccaacce

ccaacagcga

tgattgaaaa

cttecttega

tgctcggaaa

tcacgegect

tcactaaact

getatgeegyg

ctegtgttet

cccacataga

ttggtgcaaa

aaactatcat

tataricum

gecatgctgaa

gccaaactge

ccaccteacy

acgttatcte

ggcgccatca

agaggcagct

cattgtgtgt

ccttggetta

tggcaccgte

catcgttege

ctccatggta

tccegaccta

acctgaatcc

Phe

345

Pro

Lys

Val

Ile

Ala

425

Asp

Leu

Leu

Val

Val

505

Val

Thr

Leu

Pro

Val

Ser

Asp

Cys

410

Ala

Ile

Lys

Glu

Ala

490

Lys

Ser

Glu

Arg

Asn

Leu

Gly

Pro

395

Ile

Thr

Gly

Glu

Ala

475

Met

Ser

Lys

Ser

Ala
555

actgcagtta

tactatcaag

cacctcaage

catttgacgg

ttggatgtaa

ttgaaggcca

tgtattgeceg

caactttcetg

cttegecttyg

tctgagatga

gggcaagcaa

tccatcgaaa

gatggtgcga

Ala Lys Leu
350

Ala Met Ser
365

Ala Cys Gly
380

Asp Thr Gly

Arg Gly His

Ala Glu Thr

430

Leu Ile Asp
445

Leu Ile Lys
460

Leu Leu Ile

Lys Glu Glu

Lys Asp Ser
510

Gln Val Val
525

Ile Pro Lys
540

Lys Leu Ala

acagagccge
cggactttee
aaaaatttaa
aagaaattct
gacataacat
tcaatgagtyg
gegttgacat
ttaagcgatt
cgaaggacat
cgccaatcetyg
tatttggtga

ggcegatttt

ttgagggaca

Gly Gln

Leu Gly

Thr Val

Asp Ser
400

Gln Ile
415

Ile Asp

Asp Asp

Tyr Lys

Gly His

480

Ala Ala
495

Glu Leu

Phe Tyr

Ala Pro

Asn Gly
560

caccgtecty
tgacttctac
gegeatttgt
caaggagaat
tcaagtgaaa
gggccaacce
geceggegea
tatgttttac
agcagaaaac
tttcegtggy
cggtgctgceg
cgagttgatt

tttgcttgaa

60

120

180

240

300

360

420

480

540

600

660

720

780
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gttggactca gtttccaact ctaccagact gttccctcat taatctctaa ttgtatcgaa 840
acttgtcttt caaaggcttt cacacctctt aacattagtg attggaactc actattctgg 900
attgcacacc ctggtggccg tgctatectt gacgatateg aggctactgt tggtctcaag 960
aaggagaaac ttaaggcaac aagacaagtt ttgaacgact atgggaacat gtcaagtgct 1020
tgcgtatttt tcatcatgga tgagatgagg aagaagtcgc tcgcaaacgg tcaagtaacc 1080
actggagaag gactcaagtg gggtgttctt tttgggttcg ggccaggtgt tactgtggaa 1140
actgtggttc taagcagtgt gccgctaatt acctga 1176
<210> SEQ ID NO 8
<211> LENGTH: 391
<212> TYPE: PRT
<213> ORGANISM: Rheum tataricum

<400> SEQUENCE: 8

Met Ala Pro
1

Ala Thr Val
Gln Ala Asp
35

Leu Thr His
50

Ile Glu Lys

Pro Asn Ile

Ile Gln Val

Ala Ile Asn

115

Val Cys Cys
130

Thr Lys Leu
145

His Leu Gly

Ile Ala Glu

Met Thr Pro

195

Met Val Gly
210

Gly Ala Asn
225

Ser Thr Ser

His Leu Leu

Ser Leu Ile
275

Pro Leu Asn
290

Glu Glu Ser Arg His

Leu Ala Ile Gly Thr

20

Phe Pro Asp Phe Tyr

40

Leu Lys Gln Lys Phe

55

Arg Tyr Leu His Leu

70

Ala Ser Phe Glu Ala

85

Lys Glu Val Val Leu

100

Glu Trp Gly Gln Pro

120

Ile Ala Gly Val Asp

135

Leu Gly Leu Gln Leu
150

Cys Tyr Ala Gly Gly

165

Asn Asn Lys Glu Ala

180

Ile Cys Phe Arg Gly

200

Gln Ala Ile Phe Gly

215

Pro Asp Leu Ser Ile
230

Gln Thr Ile Ile Pro

245

Glu Val Gly Leu Ser

260

Ser Asn Cys Ile Glu

280

Ile Ser Asp Trp Asn

295

Ala

Ala

25

Phe

Lys

Thr

Pro

Leu

105

Lys

Met

Ser

Thr

Arg

185

Pro

Asp

Glu

Glu

Phe
265

Thr

Ser

Glu

10

Asn

Arg

Arg

Glu

Ser

90

Gly

Ser

Pro

Val

Val

170

Val

Ser

Gly

Arg

Ser
250
Gln

Cys

Leu

Thr

Pro

Ala

Ile

Glu

75

Leu

Lys

Lys

Gly

Lys

155

Leu

Leu

Glu

Ala

Pro

235

Asp

Leu

Leu

Phe

Ala Val Asn
Pro Asn Cys
30

Thr Asn Ser
45

Cys Glu Lys
60

Ile Leu Lys

Asp Val Arg

Glu Ala Ala

110

Ile Thr Arg
125

Ala Asp Tyr
140

Arg Phe Met

Arg Leu Ala

Ile Val Arg

190

Thr His Ile
205

Ala Ala Val
220

Ile Phe Glu

Gly Ala Ile

Tyr Gln Thr

270

Ser Lys Ala
285

Trp Ile Ala
300

Arg Ala
15

Tyr Tyr

Asp His

Ser Met

Glu Asn
80

His Asn
95

Leu Lys

Leu Ile

Gln Leu

Phe Tyr

160

Lys Asp
175

Ser Glu

Asp Ser

Ile Val

Leu Ile
240

Glu Gly
255
Val Pro

Phe Thr

His Pro
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Gly Gly Arg
305

Lys Glu Lys

Met Ser Ser

Ser Leu Ala
355

Val Leu Phe
370

Ser Ser Val
385

<210> SEQ I
<211> LENGT.
<212> TYPE:
<213> ORGAN

Ala Ile Leu Asp Asp
310

Leu Lys Ala Thr Arg

325

Ala Cys Val Phe Phe

340

Asn Gly Gln Val Thr

360

Gly Phe Gly Pro Gly

375

Pro Leu Ile Thr
390

D NO 9

H: 1176
DNA

ISM: Rheum

<400> SEQUENCE: 9

atggccccag

gctattggta

ttcagagcca

gagaagtcca

ccaaatatag

gaggtggttt

aaaagtaaga

gattatcaac

catttaggct

aacaaggagg

ccatcagaaa

gecgtaattyg

tctacttege

gttggtttgt

acctgtctaa

attgctcatce

aaggaaaaac

tgtgtatttt

acaggtgagg

accgttgtee

<210> SEQ I
<211> LENGT.
<212> TYPE:
<213> ORGAN

aagagagcag
cggccaatee
caaatagcga
tgattgaaaa
cttettttga
tacttggtaa
taaccagatt
taacaaaatt
gttacgctgg
ctagagtett
cacatatcga
tgggagctaa
aaaccattat
cctttcaatt
gtaaagcatt
caggtggaag
taaaagctac
tcattatgga
gtctaaaatg

tgtctteggt

D NO 10
H: 391
PRT
ISM: Rheum

<400> SEQUENCE: 10

tataricum

gcacgcagaa

acccaattgt

tcatttgact

gagatacttyg

agctcectee

ggaagccgca

gatcgtatgt

getgggteta

tggcacagtt

aatagtgegt

cagcatggta

tcetgattta

cccecgaatca

gtatcagaca

tacaccatta

agccatctta

tagacaagtt

tgagatgaga

gggagtccta

tccattgatce

tataricum

Ile Glu Ala
315

Gln Val Leu
330

Ile Met Asp
345

Thr Gly Glu

Val Thr Val

acggcegtta
tactatcaag
catcttaage
caccttacceg
ttagatgtac
ttgaaagcta
tgcatagcetg
caattatccg
ttaagactgg
agtgaaatga
ggtcaggcaa
agtatcgaaa
gatggtgcaa
gtgccatett
aacatttctg
gatgacatcg
ttaaatgact
aaaaagtcac
ttcggatteg

acttaa

Thr Val Gly Leu Lys

Asn Asp Tyr
Glu Met Arg
350

Gly Leu Lys
365

Glu Thr Val
380

acagagctge
ctgactttee
aaaaatttaa
aagagatctt
gtcacaacat
taaacgaatg
gegttgacat
taaaaaggtt
ctaaggatat
ctcctatttyg
tttteggtga
gacctatttt
ttgaaggcca
taatttcaaa
actggaattc
aagctactgt
acggtaatat

ttgcaaatgyg

geccaggtgt

320

Gly Asn
335

Lys Lys

Trp Gly

Val Leu

aactgttttyg
tgatttttat
aaggatatgce
aaaagaaaac
tcaagtcaag
gggacagect
gectggtgea
tatgttctac
agcagaaaat
ctttagaggt
tggtgctgea
tgaacttatt
tttattggag
ctgtatagaa
tttgttetgyg
gggactgaaa
gtcatctget
ccaggtcacyg

cactgttgaa

Met Ala Pro Glu Glu Ser Arg His Ala Glu Thr Ala Val Asn Arg Ala

1

5

10

15

Ala Thr Val Leu Ala Ile Gly Thr Ala Asn Pro Pro Asn Cys Tyr Tyr

20

25

30

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1080

1140

1176
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Gln

Leu

Ile

65

Pro

Ile

Ala

Thr

145

Ile

Met

Met

Gly

225

Ser

Ser

Pro

Gly

305

Lys

Met

Ser

Ser
385

Ala

Thr

50

Glu

Asn

Gln

Ile

Cys

130

Lys

Leu

Ala

Thr

Val

210

Ala

Thr

Leu

Leu

Leu

290

Gly

Glu

Ser

Leu

Leu
370

Ser

Asp

His

Lys

Ile

Val

Asn

115

Cys

Leu

Gly

Glu

Pro

195

Gly

Asn

Ser

Leu

Ile

275

Asn

Arg

Lys

Ser

Ala

355

Phe

Val

Phe

Leu

Arg

Ala

Lys

100

Glu

Ile

Leu

Cys

Asn

180

Ile

Gln

Pro

Gln

Glu

260

Ser

Ile

Ala

Leu

Ala

340

Asn

Gly

Pro

Pro

Lys

Tyr

Ser

85

Glu

Trp

Ala

Gly

Tyr

165

Asn

Cys

Ala

Asp

Thr

245

Val

Asn

Ser

Ile

Lys

325

Cys

Gly

Phe

Leu

<210> SEQ ID NO 11

<211> LENGTH:

<212> TYPE: DNA
<213> ORGANISM: Rhodobacter

<400> SEQUENCE:

atgaccctge agtcacagac ggccaaggac tgectegege tggacgggge gcetgacactt

1596

11

Asp

Gln

Leu

70

Phe

Val

Gly

Gly

Leu

150

Ala

Lys

Phe

Ile

Leu

230

Ile

Gly

Cys

Asp

Leu

310

Ala

Val

Gln

Gly

Ile
390

Phe

Lys

55

His

Glu

Val

Gln

Val

135

Gln

Gly

Glu

Arg

Phe

215

Ser

Ile

Leu

Ile

Trp

295

Asp

Thr

Phe

Val

Pro
375

Thr

Tyr

40

Phe

Leu

Ala

Leu

Pro

120

Asp

Leu

Gly

Ala

Gly

200

Gly

Ile

Pro

Ser

Glu

280

Asn

Asp

Arg

Phe

Thr

360

Gly

Phe

Lys

Thr

Pro

Leu

105

Lys

Met

Ser

Thr

Arg

185

Pro

Asp

Glu

Glu

Phe

265

Thr

Ser

Ile

Gln

Ile

345

Thr

Val

Arg

Arg

Glu

Ser

90

Gly

Ser

Pro

Val

Val

170

Val

Ser

Gly

Arg

Ser

250

Gln

Cys

Leu

Glu

Val

330

Met

Gly

Thr

capsulatus

Ala

Ile

Glu

75

Leu

Lys

Lys

Gly

Lys

155

Leu

Leu

Glu

Ala

Pro

235

Asp

Leu

Leu

Phe

Ala

315

Leu

Asp

Glu

Val

Thr

Cys

60

Ile

Asp

Glu

Ile

Ala

140

Arg

Arg

Ile

Thr

Ala

220

Ile

Gly

Tyr

Ser

Trp

300

Thr

Asn

Glu

Gly

Glu
380

Asn

45

Glu

Leu

Val

Ala

Thr

125

Asp

Phe

Leu

Val

His

205

Ala

Phe

Ala

Gln

Lys

285

Ile

Val

Asp

Met

Leu

365

Thr

Ser

Lys

Lys

Arg

Ala

110

Arg

Tyr

Met

Ala

Arg

190

Ile

Val

Glu

Ile

Thr

270

Ala

Ala

Gly

Tyr

Arg

350

Lys

Val

Asp

Ser

Glu

His

95

Leu

Leu

Gln

Phe

Lys

175

Ser

Asp

Ile

Leu

Glu

255

Val

Phe

His

Leu

Gly

335

Lys

Trp

Val

His

Met

Asn

80

Asn

Lys

Ile

Leu

Tyr

160

Asp

Glu

Ser

Val

Ile

240

Gly

Pro

Thr

Pro

Lys

320

Asn

Lys

Gly

Leu

60
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-continued
gtccaatgeg aggccatcge gacacatcge agccggattt cggtgacccce cgegetgege 120
gagcgetgeg cgegggecca tgcccggett gagcacgeca tegecgagca gegecacatt 180
tacggcatca ccaccggett cggeccgetyg gegaacegte tgatcgggge cgatcagggg 240
geggagetge agcagaacct gatctatcat ctggecaceg gegtegggeco gaaactgage 300
tgggcegagyg cgcegggegtt gatgetggeg cggctcaact cgatcetgea aggegegteg 360
ggggcectege cggagacgat cgaccggate gttgeggtge tcaatgeggyg gtttgeccec 420
gaggttcegg cgcagggaac ggtgggegece tegggcegate tgaccccget tgegeatatg 480
gtgctggege tgcagggacg ggggceggatyg atcgacccect cgggecegegt geaggaggec 540
ggggcggtga tggatcgget ctgeggeggt cegetgacge tggeggeccyg tgacgggetg 600
gegetggtga atggcaccte ggcgatgace gegattgegg cectgacegyg ggtegaggeg 660
gegegggega tcgacgecge getteggcac agegeggtee tgatggaggt cttgteeggt 720
catgccgaag cctggeatce ggetttegea gagetgegece cgcatecggg gcagetgegg 780
gegaccgage ggctggegea ggcegcetggat ggggegggge gggtetgteg gaccctgacce 840
geggegegge ggctgaccge cgceggatetyg cggeccgaag atcatccgge geaggatgec 900
tacagtctge gegtggtgee geaactggte ggegeggtet gggacacget ggactggeac 960
gatcgtgteg tcacctgcga gctcaattcce gtcaccgaca atccgatctt tcecceccgagggce 1020
tgcgeggtge cecgcectgca cggcggcaat ttcatgggeg tgcatgtcge ccttgcectcece 1080
gatgcgcetga acgcggeget ggtgacgetyg gegggectgg tegagegtca gatcgeccgg 1140
ctgaccgacyg aaaagctgaa caagggectg ccegecttece tgcacggggg gcaggegggg 1200
ctgcaatcgg gecttcatggg ggcgcaggte acggcgacgg cgcttectgge ggaaatgegg 1260
gcgaatgcecca cgccggttte ggtgcagtceg ctgtcgacca atggcgccaa tcaggatgtg 1320
gtctegatgg gaacgattge cgcegeggagyg gegegggege agetgetgeco cctgtegeag 1380
atccaggcga tcctggceget tgcccttgce caggcgatgg atctgecttga cgaccccgag 1440
gggcaggecg gatggteget tacggegegyg gatctgeggg accggatceyg ggeggteteg 1500
cecegggette gegecgacag accgettgee gggcatateg aageggtgge acagggtetg 1560
cgtcatcecct cecgcegeege cgatcccccecg gcatga 1596

<210> SEQ I
<211> LENGT.
<212> TYPE:
<213> ORGAN

D NO 12
H: 531
PRT

ISM: Rhodobacter capsulatus

<400> SEQUENCE: 12

Met Thr Leu
1

Ala Leu Thr
Ile Ser Val
35

Arg Leu Glu
50

Thr Gly Phe
65

Ala Glu Leu

Gln Ser Gln Thr Ala

Leu Val Gln Cys Glu
20

Thr Pro Ala Leu Arg
40

His Ala Ile Ala Glu
55

Gly Pro Leu Ala Asn
70

Gln Gln Asn Leu Ile
85

Lys

Ala

25

Glu

Gln

Arg

Tyr

Asp
10

Ile

Arg

Arg

Leu

His
90

Cys

Ala

Cys

His

Ile

75

Leu

Leu Ala Leu

Thr His Arg
30

Ala Arg Ala
45

Ile Tyr Gly
60

Gly Ala Asp

Ala Thr Gly

Asp Gly
15

Ser Arg

His Ala

Ile Thr

Gln Gly

80

Val Gly
95
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52

Pro

Asn

Arg

Gln
145

Thr

Met

Asp

225

Gly

Gly

Asp

305

Asp

Phe

Gly

Thr

Lys

385

Leu

Ala

Thr

Arg

Leu
465
Gly

Arg

Ile

Lys

Ser

Ile

130

Gly

Leu

Gln

Leu

Thr

210

Ala

Ala

Gln

Arg

Leu

290

Val

Arg

Pro

Val

Leu

370

Leu

Gln

Glu

Asn

Arg

450

Ala

Gln

Ala

Glu

Leu

Ile

115

Val

Thr

Ala

Glu

Ala

195

Ala

Ala

Glu

Leu

Val

275

Arg

Pro

Val

Glu

His

355

Ala

Asn

Ser

Met

Gly

435

Ala

Leu

Ala

Val

Ala

Ser

100

Leu

Ala

Val

Leu

Ala

180

Ala

Ile

Leu

Ala

Arg

260

Cys

Pro

Gln

Val

Gly

340

Val

Gly

Lys

Gly

Arg

420

Ala

Arg

Ala

Gly

Ser
500

Val

Trp

Gln

Val

Gly

Gln

165

Gly

Arg

Ala

Arg

Trp

245

Ala

Arg

Glu

Leu

Thr

325

Cys

Ala

Leu

Gly

Phe

405

Ala

Asn

Ala

Leu

Trp
485

Pro

Ala

Ala

Gly

Leu

Ala

150

Gly

Ala

Asp

Ala

His

230

His

Thr

Thr

Asp

Val

310

Cys

Ala

Leu

Val

Leu

390

Met

Asn

Gln

Gln

Ala
470
Ser

Gly

Gln

Glu

Ala

Asn

135

Ser

Arg

Val

Gly

Leu

215

Ser

Pro

Glu

Leu

His

295

Gly

Glu

Val

Ala

Glu

375

Pro

Gly

Ala

Asp

Leu

455

Gln

Leu

Leu

Gly

Ala

Ser

120

Ala

Gly

Gly

Met

Leu

200

Thr

Ala

Ala

Arg

Thr

280

Pro

Ala

Leu

Pro

Ser

360

Arg

Ala

Ala

Thr

Val

440

Leu

Ala

Thr

Arg

Leu

Arg

105

Gly

Gly

Asp

Arg

Asp

185

Ala

Gly

Val

Phe

Leu

265

Ala

Ala

Val

Asn

Ala

345

Asp

Gln

Phe

Gln

Pro

425

Val

Pro

Met

Ala

Ala
505

Arg

Ala

Ala

Phe

Leu

Met

170

Arg

Leu

Val

Leu

Ala

250

Ala

Ala

Gln

Trp

Ser

330

Leu

Ala

Ile

Leu

Val

410

Val

Ser

Leu

Asp

Arg

490

Asp

His

Leu

Ser

Ala

Thr

155

Ile

Leu

Val

Glu

Met

235

Glu

Gln

Arg

Asp

Asp

315

Val

His

Leu

Ala

His

395

Thr

Ser

Met

Ser

Leu

475

Asp

Arg

Pro

Met Leu Ala

Pro

Pro

140

Pro

Asp

Cys

Asn

Ala

220

Glu

Leu

Ala

Arg

Ala

300

Thr

Thr

Gly

Asn

Arg

380

Gly

Ala

Val

Gly

Gln

460

Leu

Leu

Pro

Ser

Glu

125

Glu

Leu

Pro

Gly

Gly

205

Ala

Val

Arg

Leu

Leu

285

Tyr

Leu

Asp

Gly

Ala

365

Leu

Gly

Thr

Gln

Thr

445

Ile

Asp

Arg

Leu

Ala

110

Thr

Val

Ala

Ser

Gly

190

Thr

Arg

Leu

Pro

Asp

270

Thr

Ser

Asp

Asn

Asn

350

Ala

Thr

Gln

Ala

Ser

430

Ile

Gln

Asp

Asp

Ala
510

Ala

Arg

Ile

Pro

His

Gly

175

Pro

Ser

Ala

Ser

His

255

Gly

Ala

Leu

Trp

Pro

335

Phe

Leu

Asp

Ala

Leu

415

Leu

Ala

Ala

Pro

Arg
495

Gly

Ala

Leu

Asp

Ala

Met

160

Arg

Leu

Ala

Ile

Gly

240

Pro

Ala

Ala

Arg

His

320

Ile

Met

Val

Glu

Gly

400

Leu

Ser

Ala

Ile

Glu
480
Ile

His

Asp
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-continued
515 520 525
Pro Pro Ala
530
<210> SEQ ID NO 13
<211> LENGTH: 1596
<212> TYPE: DNA
<213> ORGANISM: Rhodobacter capsulatus
<400> SEQUENCE: 13
atgaccctge aatctcaaac agctaaagat tgtttggett tggatggtge cttgacatta 60
gttcaatgeyg aagcgatagce aacccataga agtagaatct ctgtaacacc agccctacgt 120
gagagatgtyg ctagagcaca tgctaggtta gaacatgcaa tagccgaaca gcgacacata 180
tatgggataa cgacaggctt cgggccactt gctaacagge tgatcggage agaccagggt 240
gctgaattac aacagaacct tatctaccat ttggcaaccg gagttggccc caaattatca 300
tgggccgaag ccagagettt aatgcteget cgtttgaata gtatactaca aggtgettet 360
ggtgctagece ctgaaacaat tgataggatc gttgcagtct taaatgecgg atttgcccceg 420
gaagtcccag cccaaggaac cgttggtgcet tcgggtgact taactcegtt agcacacatg 480
gtattagcat tgcaaggcag aggtcgtatg attgatcctt cagggagagt tcaagaagec 540
ggegetgtea tggataggtt gtgtggagge cctttaacat tggctgecag agatggecte 600
gecttagtaa atggtacatc tgccatgaca getattgeceg cattgaccgg tgtggagget 660
gcaagagcga ttgatgcage gcttagacat tccgcagtet tgatggaggt cctgtcaggg 720
catgctgagg cttggcacce tgcctttgeg gaattgegte cgcatccagyg acaattacge 780
gccactgaga ggttagctca agcattggac ggcgcaggta gagtctgecg gactcttaca 840
geegetagge gtctaactge agctgatcetg agaccagaag atcatccagce tcaagatgea 900
tattcactte gagtagttcce tcagetggtt ggtgccegtat gggatacgtt ggattggcac 960
gacagggttg tgacttgcga acttaactcc gtgaccgaca atccaatttt ccccgagggt 1020
tgtgcggttc cagcactaca cggtggaaac tttatgggcg tacatgtggce actagcttct 1080
gacgctttaa atgcagcgtt ggttacatta gctggtctag ttgaaaggca gattgcaaga 1140
cttactgatg agaagttgaa taagggtttg cctgcttttt tgcatggagg ccaagcaggt 1200
ttacaatcag gtttcatggg agctcaggtt actgctactg ctttgctage ggaaatgaga 1260
gctaacgcga cteccegtgte cgttcaaage ctcagcacca atggtgcaaa tcaagacgtg 1320
gtaagtatgg gtacgattgc cgcgagacga gcaagagctc aacttttacc tctgtctcaa 1380
atccaagcga ttttggcact ggctcttgca caagccatgg atctcecctaga cgatcctgaa 1440
ggacaagccg gttggtcecctt aacggcaaga gatttaagag accgtatacg ggctgtcagt 1500
ccagggttgce gcgcagatag accactagcg ggtcatattg aagctgtggce tcaaggtcta 1560
agacacccct cggcagctge cgatccacct gcttaa 1596

<210> SEQ ID NO 14
<211> LENGTH: 531

<212> TYPE:

PRT

<213> ORGANISM: Rhodobacter capsulatus

<400> SEQUENCE: 14

Met Thr Leu Gln Ser Gln Thr Ala Lys Asp Cys Leu Ala Leu Asp Gly

1

5

10

15

Ala Leu Thr Leu Val Gln Cys Glu Ala Ile Ala Thr His Arg Ser Arg
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56

Ile

Arg

Thr

65

Ala

Pro

Asn

Arg

Gln
145

Thr

Met

Asp

225

Gly

Gly

Asp

305

Asp

Phe

Gly

Thr

Lys

385

Leu

Ala

Thr

Ser

Leu

50

Gly

Glu

Lys

Ser

Ile

130

Gly

Leu

Gln

Leu

Thr

210

Ala

Ala

Gln

Arg

Leu

290

Val

Arg

Pro

Val

Leu

370

Leu

Gln

Glu

Asn

Val

35

Glu

Phe

Leu

Leu

Ile

115

Val

Thr

Ala

Glu

Ala

195

Ala

Ala

Glu

Leu

Val

275

Arg

Pro

Val

Glu

His

355

Ala

Asn

Ser

Met

Gly
435

20

Thr

His

Gly

Gln

Ser

100

Leu

Ala

Val

Leu

Ala

180

Ala

Ile

Leu

Ala

Arg

260

Cys

Pro

Gln

Val

Gly

340

Val

Gly

Lys

Gly

Arg

420

Ala

Pro

Ala

Pro

Gln

85

Trp

Gln

Val

Gly

Gln

165

Gly

Arg

Ala

Arg

Trp

245

Ala

Arg

Glu

Leu

Thr

325

Cys

Ala

Leu

Gly

Phe
405

Ala

Asn

Ala

Ile

Leu

70

Asn

Ala

Gly

Leu

Ala

150

Gly

Ala

Asp

Ala

His

230

His

Thr

Thr

Asp

Val

310

Cys

Ala

Leu

Val

Leu
390
Met

Asn

Gln

Leu

Ala

55

Ala

Leu

Glu

Ala

Asn

135

Ser

Arg

Val

Gly

Leu

215

Ser

Pro

Glu

Leu

His

295

Gly

Glu

Val

Ala

Glu

375

Pro

Gly

Ala

Asp

Arg

40

Glu

Asn

Ile

Ala

Ser

120

Ala

Gly

Gly

Met

Leu

200

Thr

Ala

Ala

Arg

Thr

280

Pro

Ala

Leu

Pro

Ser

360

Arg

Ala

Ala

Thr

Val
440

25

Glu

Gln

Arg

Tyr

Arg

105

Gly

Gly

Asp

Arg

Asp

185

Ala

Gly

Val

Phe

Leu

265

Ala

Ala

Val

Asn

Ala

345

Asp

Gln

Phe

Gln

Pro
425

Val

Arg

Arg

Leu

His

Ala

Ala

Phe

Leu

Met

170

Arg

Leu

Val

Leu

Ala

250

Ala

Ala

Gln

Trp

Ser

330

Leu

Ala

Ile

Leu

Val
410

Val

Ser

Cys

His

Ile

75

Leu

Leu

Ser

Ala

Thr

155

Ile

Leu

Val

Glu

Met

235

Glu

Gln

Arg

Asp

Asp

315

Val

His

Leu

Ala

His

395

Thr

Ser

Met

Ala

Ile

60

Gly

Ala

Met

Pro

Pro

140

Pro

Asp

Cys

Asn

Ala

220

Glu

Leu

Ala

Arg

Ala

300

Thr

Thr

Gly

Asn

Arg

380

Gly

Ala

Val

Gly

Arg

45

Tyr

Ala

Thr

Leu

Glu

125

Glu

Leu

Pro

Gly

Gly

205

Ala

Val

Arg

Leu

Leu

285

Tyr

Leu

Asp

Gly

Ala

365

Leu

Gly

Thr

Gln

Thr
445

30

Ala

Gly

Asp

Gly

Ala

110

Thr

Val

Ala

Ser

Gly

190

Thr

Arg

Leu

Pro

Asp

270

Thr

Ser

Asp

Asn

Asn

350

Ala

Thr

Gln

Ala

Ser
430

Ile

His

Ile

Gln

Val

Arg

Ile

Pro

His

Gly

175

Pro

Ser

Ala

Ser

His

255

Gly

Ala

Leu

Trp

Pro

335

Phe

Leu

Asp

Ala

Leu
415

Leu

Ala

Ala

Thr

Gly

80

Gly

Leu

Asp

Ala

Met

160

Arg

Leu

Ala

Ile

Gly

240

Pro

Ala

Ala

Arg

His

320

Ile

Met

Val

Glu

Gly
400
Leu

Ser

Ala
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Arg Arg Ala
450

Leu Ala Leu
465

Gly Gln Ala
Arg Ala Val
Ile Glu Ala

515
Pro Pro Ala

530

<210> SEQ I
<211> LENGT.
<212> TYPE:

Arg Ala Gln Leu Leu

455

Ala Leu Ala Gln Ala
470

Gly Trp Ser Leu Thr

485

Ser Pro Gly Leu Arg

500

Val Ala Gln Gly Leu

D NO 15
H: 2076
DNA

520

Pro

Met

Ala

Ala

505

Arg

Leu

Asp

Arg

490

Asp

His

Ser

Leu

475

Asp

Arg

Pro

<213> ORGANISM: Saccharomyces cerevisiae

<400> SEQUE:

atgcegtttyg

ctactgtacg

acagctgtca

tacttggtgt

aaggagctgg

tttgagtege

ggagacttce

gcactatcga

aatggtgeeg

aagcteggtyg

gactccatce

acctctcaat

cectetgete

ggtcecctteyg

tcttecaatg

tactccactg

ttcttatcca

accgtcaaag

gaaattacag

getgacgtcea

ataacctcca

tgggacaccyg

tactctatct

gaaaactttce

ttgttaagaa

gttcactacyg

NCE: 15

gaatagacaa

taaagagaaa

getegggcaa

tgtatgegte

tggccaagtt

taaacgatgt

ccgacggggce

acctgaggta

ccaagaaggc

aagctgatga

tggaggtttt

tccagtacac

actatttgece

atttgtctca

accgtaattg

gtgaccatct

tattcaacct

tgceccttece

gacctgtete

aggaaaaatt

aatatttcaa

tacccatgca

cttectette

ctaacccaga

acattcaatt

atttaaatgg

caccgactte

ctccatcaag

cagagacatt

gcagactggg

caacctaaac

gecegtcata

ggtcaacttt

taatatgttt

cgagaagcat

tggtgcagga

gaaagacgaa

tgtgttgaac

ctcgcatcag

accgtatatt

catccactct

tgctgtttgy

ggaccctgaa

aacgccaact

cagacaattg

gactctgett

catcgcagat

attcttggte

tctgtetgaa

attgcctgat

ggctcaaaac

cccacgtaaa

actgtectygyg

gaactgctga

gctcaggtgg

actgccgagyg

gtgatgtgeg

gtctegattt

gaagacttta

ggtctgggaa

ctecteegeey

actacagacg

ctgcatttygg

gaaatcactg

ttgaaccgca

gcacccateg

gaatttgact

ccttcecaacce

accatttttg

actattggeg

ttttcatctt

tcgaaagaca

getetgaaat

gaatcagttce

aagcaaaccg

getectecag

aatgttaaca

cttttegeca

Gln Ile Gln
460

Leu Asp Asp

Leu Arg Asp

Pro Leu Ala

510

Ser Ala Ala
525

cggggcetagt
tgtccgatga
tgaccgaaaa
attacgccaa
cagatgttga
ttatctctac
tttgtaatgce
attctactta
cgggegetat
aagattacat
acgaacagga
actccatgte
acgcagacgg
tgaaatctcg
tgtccggete
cattggaaaa
acttgaagcc
ctgctattaa
tgattcagtt
aggaccaatt
atttgtctga
cccaaatgac
tccatgtcac
ttgttggtgt
ttgccgaaac

attacaaatt

Ala Ile
Pro Glu
480

Arg Ile
495

Gly His

Ala Asp

gettgeegtyg
cggagatatce
caacaagaac
aaagttttcc
gaactacgac
atatggtgaa
ggaagcgggt
tgaattcttt
cagactaggce
ggcctggaag
agccaagttce
gettggtgaa
catccaattyg
cgaactgtte
taacatcaag
ggtcgaacag
cctggatece
acactatttg
cgceccccaac
cgcegtegag
tggcgccaaa
tcctegttac
ctccattgty
tacgactaac
taacctacct

gecegtecac

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1080

1140

1200

1260

1320

1380

1440

1500

1560
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60

gttegtegtt

ctaacttcag attgecttee

ccaggtaccg gtgttgecce attcegtggg

tcacaaaaga

cgtaacactg

ggttegtteyg

caagataaat

agggcggtaa caacgttteg

atgatttectt gtaccaggac

aaatggtcgt ggcccattee

taaaggatta cgaagaccaa

atctacgtct gtggtgatge aaagggtatg

atcttatcce gtggtaaate cattaccact

aagacttcag gtagatacca agaagatgtc

<210> SEQ ID NO 16

<211> LENGTH:

<212> TYPE:

<213> ORGANISM: Saccharomyces cerevisiae

PRT

<400> SEQUENCE:

Met Pro Phe
1

Val Leu Ala
Leu Met Ser
35

Asp Ile Ala

Tyr Ala Ser
65

Lys Glu Leu

Glu Asn Tyr

Ile Phe Ile
115

Asn Phe Glu
130

Leu Arg Tyr
145

Asn Gly Ala

Ile Arg Leu

Asp Glu Asp
195

Asp Glu Leu
210

Gln Tyr Thr
225

Pro Ser Ala

Gly Ile Gln

Ile Val Lys
275

Gly

Val

20

Asp

Gln

Gln

Val

Asp

100

Ser

Asp

Asn

Ala

Gly

180

Tyr

His

Val

His

Leu
260

Ser

691

16

Ile

Leu

Asp

Val

Thr

Ala

85

Phe

Thr

Phe

Met

Lys

165

Lys

Met

Leu

Leu

Tyr
245

Gly

Arg

Asp Asn Thr

Leu Tyr Val

Gly Asp Ile

40

Val Thr Glu
55

Gly Thr Ala
70

Lys Phe Asn

Glu Ser Leu

Tyr Gly Glu
120

Ile Cys Asn
135

Phe Gly Leu
150

Lys Ala Glu

Leu Gly Glu

Ala Trp Lys
200

Asp Glu Gln
215

Asn Glu Ile
230

Leu Pro Ser

Pro Phe Asp

Glu Leu Phe
280

aaccctteca

tttatcagag

ctaggtaage

gaatggccag

aggttgccaa

gtatttgaaa

gccaagggtg

gatgaagcaa

tggtaa

Asp

Lys

25

Thr

Asn

Glu

Leu

Asn

105

Gly

Ala

Gly

Lys

Ala

185

Asp

Glu

Thr

His

Leu
265

Ser

Phe

10

Arg

Ala

Asn

Asp

Asn

90

Asp

Asp

Glu

Asn

His

170

Asp

Ser

Ala

Asp

Gln
250

Ser

Ser

Thr

Asn

Val

Lys

Tyr

75

Val

Val

Phe

Ala

Ser

155

Leu

Asp

Ile

Lys

Ser

235

Leu

Gln

Asn

ccccagttat

agcgtgtege

atatactgtt

aatacgccaa

acaccaaaaa

tgattaacaa

tgtcaaccge

cagagctaat

Val

Ser

Ser

Asn

60

Ala

Met

Pro

Pro

Gly

140

Thr

Ser

Gly

Leu

Phe

220

Met

Asn

Pro

Asp

Leu

Ile

Ser

45

Tyr

Lys

Cys

Val

Asp

125

Ala

Tyr

Ala

Ala

Glu

205

Thr

Ser

Arg

Tyr

Arg
285

Ala

Lys

30

Gly

Leu

Lys

Ala

Ile

110

Gly

Leu

Glu

Ala

Gly

190

Val

Ser

Leu

Asn

Ile
270

Asn

Gly

15

Glu

Asn

Val

Phe

Asp

95

Val

Ala

Ser

Phe

Gly

175

Thr

Leu

Gln

Gly

Ala
255

Ala

Cys

catgatcggt
gttectcegaa
ttatggatcc
aaaattggat
agtttatgtt
cggtgeattt
attggttgge

caagatgctce

Leu

Leu

Arg

Leu

Ser

80

Val

Ser

Val

Asn

Phe

160

Ala

Thr

Lys

Phe

Glu

240

Asp

Pro

Ile

1620

1680

1740

1800

1860

1920

1980

2040

2076
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62

Asp

305

Phe

Pro

Gly

Gln

Glu

385

Ile

Asp

Ser

Asn

465

Leu

Thr

Ala

Pro

545

Ser

Phe

Pro

Lys

625

Ile

Ala

Ala

Asp

Ser

290

His

Leu

Leu

Ala

Leu

370

Lys

Thr

Gly

Pro

Glu

450

Pro

Leu

Asn

Asn

Ser

530

Ala

Gln

Tyr

Glu

Ser

610

Asp

Tyr

Leu

Thr

Val
690

Glu

Leu

Ser

Asp

Ala

355

Phe

Leu

Ser

Ala

Gln

435

Lys

Glu

Arg

Leu

Tyr

515

Asn

Pro

Lys

Gly

Tyr

595

Arg

Tyr

Val

Val

Glu
675

Trp

Phe

Ala

Ile

Pro

340

Ile

Ser

Thr

Lys

Lys

420

Met

Gln

Leu

Asn

Pro

500

Lys

Pro

Phe

Lys

Ser

580

Ala

Leu

Glu

Cys

Gly

660

Leu

Asp

Val

Phe

325

Thr

Lys

Ser

Leu

Tyr

405

Trp

Thr

Thr

Pro

Ile

485

Val

Leu

Ser

Arg

Gly

565

Arg

Lys

Pro

Asp

Gly

645

Ile

Ile

Leu

Trp

310

Asn

Val

His

Leu

Leu

390

Phe

Asp

Pro

Val

Asp

470

Gln

His

Pro

Thr

Gly

550

Gly

Asn

Lys

Asn

Gln
630
Asp

Leu

Lys

Ser

295

Pro

Leu

Lys

Tyr

Ile

375

Ser

Asn

Thr

Arg

His

455

Ala

Leu

Tyr

Val

Pro

535

Phe

Asn

Thr

Leu

Thr

615

Val

Ala

Ser

Met

Gly

Ser

Asp

Val

Leu

360

Gln

Lys

Ile

Val

Tyr

440

Val

Pro

Ala

Asp

His

520

Val

Ile

Asn

Asp

Asp

600

Lys

Phe

Lys

Arg

Leu
680

Ser

Asn

Pro

Pro

345

Glu

Phe

Asp

Ala

Pro

425

Tyr

Thr

Pro

Gln

Leu

505

Val

Ile

Arg

Val

Asp

585

Gly

Lys

Glu

Gly

Gly

665

Lys

Asn

Pro

Glu

330

Phe

Ile

Ala

Lys

Asp

410

Met

Ser

Ser

Val

Asn

490

Asn

Arg

Met

Glu

Ser

570

Phe

Ser

Val

Met

Met
650

Lys

Thr

Ile

Leu

315

Thr

Pro

Thr

Pro

Asp

395

Ala

Gln

Ile

Ile

Val

475

Asn

Gly

Arg

Ile

Arg

555

Leu

Leu

Phe

Tyr

Ile
635
Ala

Ser

Ser

Lys

300

Glu

Ile

Thr

Gly

Asn

380

Gln

Leu

Phe

Ser

Val

460

Gly

Val

Pro

Ser

Gly

540

Val

Gly

Tyr

Glu

Val

620

Asn

Lys

Ile

Gly

Tyr

Lys

Phe

Pro

Pro

365

Ala

Phe

Lys

Leu

Ser

445

Glu

Val

Asn

Arg

Asn

525

Pro

Ala

Lys

Gln

Met

605

Gln

Asn

Gly

Thr

Arg
685

Ser

Val

Asp

Thr

350

Val

Asp

Ala

Tyr

Val

430

Ser

Asn

Thr

Ile

Lys

510

Phe

Gly

Phe

His

Asp

590

Val

Asp

Gly

Val

Thr
670

Tyr

Thr

Glu

Leu

335

Thr

Ser

Val

Val

Leu

415

Glu

Ser

Phe

Thr

Ala

495

Leu

Arg

Thr

Leu

Ile

575

Glu

Val

Lys

Ala

Ser
655

Asp

Gln

Gly

Gln

320

Lys

Ile

Arg

Lys

Glu

400

Ser

Ser

Leu

Pro

Asn

480

Glu

Phe

Leu

Gly

Glu

560

Leu

Trp

Ala

Leu

Phe
640
Thr

Glu

Glu
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-continued
<210> SEQ ID NO 17
<211> LENGTH: 2136
<212> TYPE: DNA
<213> ORGANISM: Arabidopsis thaliana
<400> SEQUENCE: 17
atgtecctett cttettette gtcaacctee atgatcgate tcatggcage aatcatcaaa 60
ggagagcctyg taattgtcte cgacccaget aatgectceg cttacgagtce cgtagetget 120
gaattatcct ctatgcttat agagaatcgt caattcgcca tgattgttac cacttccatt 180
gctgttcectta ttggttgcat cgttatgectce gtttggagga gatccggttce tgggaattca 240
aaacgtgteg agcctcecttaa gectttggtt attaagecte gtgaggaaga gattgatgat 300
gggcgtaaga aagttaccat ctttttceggt acacaaactg gtactgctga aggttttgea 360
aaggctttag gagaagaagc taaagcaaga tatgaaaaga ccagattcaa aatcgttgat 420
ttggatgatt acgcggctga tgatgatgag tatgaggaga aattgaagaa agaggatgtg 480
getttettet tettagccac atatggagat ggtgagecta ccgacaatgce agcgagattce 540
tacaaatggt tcaccgaggg gaatgacaga ggagaatggce ttaagaactt gaagtatgga 600
gtgtttggat taggaaacag acaatatgag cattttaata aggttgccaa agttgtagat 660
gacattcttyg tcgaacaagg tgcacagegt cttgtacaag ttggtcttgg agatgatgac 720
cagtgtattg aagatgactt taccgcttgg cgagaagcat tgtggcccga gcttgataca 780
atactgaggg aagaagggga tacagctgtt geccacaccat acactgcage tgtgttagaa 840
tacagagttt ctattcacga ctctgaagat gccaaattca atgatataaa catggcaaat 900
gggaatggtt acactgtgtt tgatgctcaa catccttaca aagcaaatgt cgctgttaaa 960
agggagcttc atactcccga gtctgatcgt tcettgtatce atttggaatt tgacattget 1020
ggaagtggac ttacgtatga aactggagat catgttggtg tactttgtga taacttaagt 1080
gaaactgtag atgaagctct tagattgctg gatatgtcac ctgatactta tttcectcactt 1140
cacgctgaaa aagaagacgg cacaccaatc agcagctcac tgcectcctece ctteccacct 1200
tgcaacttga gaacagcgct tacacgatat gcatgtcttt tgagttctcc aaagaagtct 1260
gctttagttyg cgttggctge tcatgcatct gatcctacceg aagcagaacg attaaaacac 1320
cttgcttcac ctgctggaaa ggatgaatat tcaaagtggg tagtagagag tcaaagaagt 1380
ctacttgagg tgatggccga gtttcecttca gccaagccac cacttggtgt cttetteget 1440
ggagttgcte caaggttgca gcctaggttc tattcgatat catcatcgcc caagattget 1500
gaaactagaa ttcacgtcac atgtgcactg gtttatgaga aaatgccaac tggcaggatt 1560
cataagggag tgtgttccac ttggatgaag aatgctgtgc cttacgagaa gagtgaaaac 1620
tgttcctegg cgccgatatt tgttaggcaa tccaacttca agcttectte tgattctaag 1680
gtaccgatca tcatgatcgg tccagggact ggattagctce cattcagagg attccttcecag 1740
gaaagactag cgttggtaga atctggtgtt gaacttgggc catcagtttt gttctttgga 1800
tgcagaaacc gtagaatgga tttcatctac gaggaagagc tccagcgatt tgttgagagt 1860
ggtgctcteg cagagctaag tgtcgectte tcectcecgtgaag gacccaccaa agaatacgta 1920
cagcacaaga tgatggacaa ggcttctgat atctggaata tgatctctca aggagcttat 1980
ttatatgttt gtggtgacgc caaaggcatg gcaagagatg ttcacagatc tctccacaca 2040
atagctcaag aacaggggtc aatggattca actaaagcag agggcttcgt gaagaatctg 2100
caaacgagtg gaagatatct tagagatgta tggtaa 2136
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<210> SEQ ID NO 18

<211> LENGTH: 711

<212> TYPE: PRT

<213> ORGANISM: Arabidopsis thaliana

<400> SEQUENCE: 18

Met Ser Ser Ser Ser Ser Ser Ser Thr Ser Met Ile Asp Leu Met Ala
1 5 10 15

Ala Ile Ile Lys Gly Glu Pro Val Ile Val Ser Asp Pro Ala Asn Ala
20 25 30

Ser Ala Tyr Glu Ser Val Ala Ala Glu Leu Ser Ser Met Leu Ile Glu
35 40 45

Asn Arg Gln Phe Ala Met Ile Val Thr Thr Ser Ile Ala Val Leu Ile
50 55 60

Gly Cys Ile Val Met Leu Val Trp Arg Arg Ser Gly Ser Gly Asn Ser
65 70 75 80

Lys Arg Val Glu Pro Leu Lys Pro Leu Val Ile Lys Pro Arg Glu Glu
85 90 95

Glu Ile Asp Asp Gly Arg Lys Lys Val Thr Ile Phe Phe Gly Thr Gln
100 105 110

Thr Gly Thr Ala Glu Gly Phe Ala Lys Ala Leu Gly Glu Glu Ala Lys
115 120 125

Ala Arg Tyr Glu Lys Thr Arg Phe Lys Ile Val Asp Leu Asp Asp Tyr
130 135 140

Ala Ala Asp Asp Asp Glu Tyr Glu Glu Lys Leu Lys Lys Glu Asp Val
145 150 155 160

Ala Phe Phe Phe Leu Ala Thr Tyr Gly Asp Gly Glu Pro Thr Asp Asn
165 170 175

Ala Ala Arg Phe Tyr Lys Trp Phe Thr Glu Gly Asn Asp Arg Gly Glu
180 185 190

Trp Leu Lys Asn Leu Lys Tyr Gly Val Phe Gly Leu Gly Asn Arg Gln
195 200 205

Tyr Glu His Phe Asn Lys Val Ala Lys Val Val Asp Asp Ile Leu Val
210 215 220

Glu Gln Gly Ala Gln Arg Leu Val Gln Val Gly Leu Gly Asp Asp Asp
225 230 235 240

Gln Cys Ile Glu Asp Asp Phe Thr Ala Trp Arg Glu Ala Leu Trp Pro
245 250 255

Glu Leu Asp Thr Ile Leu Arg Glu Glu Gly Asp Thr Ala Val Ala Thr
260 265 270

Pro Tyr Thr Ala Ala Val Leu Glu Tyr Arg Val Ser Ile His Asp Ser
275 280 285

Glu Asp Ala Lys Phe Asn Asp Ile Asn Met Ala Asn Gly Asn Gly Tyr
290 295 300

Thr Val Phe Asp Ala Gln His Pro Tyr Lys Ala Asn Val Ala Val Lys
305 310 315 320

Arg Glu Leu His Thr Pro Glu Ser Asp Arg Ser Cys Ile His Leu Glu
325 330 335

Phe Asp Ile Ala Gly Ser Gly Leu Thr Tyr Glu Thr Gly Asp His Val
340 345 350

Gly Val Leu Cys Asp Asn Leu Ser Glu Thr Val Asp Glu Ala Leu Arg
355 360 365

Leu Leu Asp Met Ser Pro Asp Thr Tyr Phe Ser Leu His Ala Glu Lys
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Glu

385

Cys

Pro

Thr

Glu

Met

465

Gly

Pro

Glu

Met

Pro

545

Gly

Gly

Ile

Glu

625

Gln

Gln

Asp

Asp

Arg
705

370

Asp

Asn

Lys

Glu

Tyr

450

Ala

Val

Lys

Lys

Lys

530

Ile

Pro

Phe

Pro

Tyr

610

Leu

His

Gly

Val

Ser

690

Tyr

Gly

Leu

Lys

Ala

435

Ser

Glu

Ala

Ile

Met

515

Asn

Phe

Ile

Leu

Ser

595

Glu

Ser

Lys

Ala

His

675

Thr

Leu

Thr

Arg

Ser

420

Glu

Lys

Phe

Pro

Ala

500

Pro

Ala

Val

Ile

Gln

580

Val

Glu

Val

Met

Tyr

660

Arg

Lys

Arg

Pro

Thr

405

Ala

Arg

Trp

Pro

Arg

485

Glu

Thr

Val

Arg

Met

565

Glu

Leu

Glu

Ala

Met

645

Leu

Ser

Ala

Asp

<210> SEQ ID NO 19

<211> LENGTH:

<212> TYPE: DNA
<213> ORGANISM: Arabidopsis

<400> SEQUENCE:

cggaattcte atggatcaaa tcgaagcaat gtt

33

19

<210> SEQ ID NO 20

<211> LENGTH:

<212> TYPE: DNA

29

Ile

390

Ala

Leu

Leu

Val

Ser

470

Leu

Thr

Gly

Pro

Gln

550

Ile

Arg

Phe

Leu

Phe

630

Asp

Tyr

Leu

Glu

Val
710

375

Ser

Leu

Val

Lys

Val

455

Ala

Gln

Arg

Arg

Tyr

535

Ser

Gly

Leu

Phe

Gln

615

Ser

Lys

Val

His

Gly

695

Trp

Ser

Thr

Ala

His

440

Glu

Lys

Pro

Ile

Ile

520

Glu

Asn

Pro

Ala

Gly

600

Arg

Arg

Ala

Cys

Thr

680

Phe

thaliana

Ser

Arg

Leu

425

Leu

Ser

Pro

Arg

His

505

His

Lys

Phe

Gly

Leu

585

Cys

Phe

Glu

Ser

Gly

665

Ile

Val

Leu

Tyr

410

Ala

Ala

Gln

Pro

Phe

490

Val

Lys

Ser

Lys

Thr

570

Val

Arg

Val

Gly

Asp

650

Asp

Ala

Lys

Pro

395

Ala

Ala

Ser

Arg

Leu

475

Tyr

Thr

Gly

Glu

Leu

555

Gly

Glu

Asn

Glu

Pro

635

Ile

Ala

Gln

Asn

380

Pro

Cys

His

Pro

Ser

460

Gly

Ser

Cys

Val

Asn

540

Pro

Leu

Ser

Arg

Ser

620

Thr

Trp

Lys

Glu

Leu
700

Pro

Leu

Ala

Ala

445

Leu

Val

Ile

Ala

Cys

525

Cys

Ser

Ala

Gly

Arg

605

Gly

Lys

Asn

Gly

Gln

685

Gln

Phe

Leu

Ser

430

Gly

Leu

Phe

Ser

Leu

510

Ser

Ser

Asp

Pro

Val

590

Met

Ala

Glu

Met

Met

670

Gly

Thr

Pro

Ser

415

Asp

Lys

Glu

Phe

Ser

495

Val

Thr

Ser

Ser

Phe

575

Glu

Asp

Leu

Tyr

Ile

655

Ala

Ser

Ser

Pro

400

Ser

Pro

Asp

Val

Ala

480

Ser

Tyr

Trp

Ala

Lys

560

Arg

Leu

Phe

Ala

Val

640

Ser

Arg

Met

Gly

33
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<213> ORGANISM: Arabidopsis thaliana
<400> SEQUENCE: 20

cgactagttt agcaaatcgg aatcggagce
<210> SEQ ID NO 21

<211> LENGTH: 30

<212> TYPE: DNA

<213> ORGANISM: Arabidopsis thaliana
<400> SEQUENCE: 21

cgctegagat atggacctee tcettgetgga
<210> SEQ ID NO 22

<211> LENGTH: 32

<212> TYPE: DNA

<213> ORGANISM: Arabidopsis thaliana
<400> SEQUENCE: 22

cgggtacctt aacagttect tggtttecata ac
<210> SEQ ID NO 23

<211> LENGTH: 36

<212> TYPE: DNA

<213> ORGANISM: Arabidopsis thaliana
<400> SEQUENCE: 23

getctagace tatggcgcca caagaacaag cagttt
<210> SEQ ID NO 24

<211> LENGTH: 36

<212> TYPE: DNA

<213> ORGANISM: Arabidopsis thaliana
<400> SEQUENCE: 24

geggatccece ttcacaatce atttgctagt tttgec
<210> SEQ ID NO 25

<211> LENGTH: 31

<212> TYPE: DNA

<213> ORGANISM: Rheum tataricum
<400> SEQUENCE: 25

ccggatccaa atggecccag aagagagceag g
<210> SEQ ID NO 26

<211> LENGTH: 35

<212> TYPE: DNA

<213> ORGANISM: Rheum tataricum

<400> SEQUENCE: 26

cgctegagtt aagtgatcaa tggaaccgaa gacag
<210> SEQ ID NO 27

<211> LENGTH: 38

<212> TYPE: DNA

<213> ORGANISM: Rhodobacter capsulatus
<400> SEQUENCE: 27

ccgaattccee atgaccctge aatctcaaac agctaaag

<210> SEQ ID NO 28
<211> LENGTH: 30

29

30

32

36

36

31

35

38
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<212> TYPE: DNA
<213> ORGANISM: Rhodobacter capsulatus

<400> SEQUENCE: 28

ccactagttt aagcaggtgg atcggcagct 30
<210> SEQ ID NO 29

<211> LENGTH: 37

<212> TYPE: DNA

<213> ORGANISM: Saccharomyces cerevisiae

<400> SEQUENCE: 29

cecctegagat catgecgttt ggaatagaca acaccga 37
<210> SEQ ID NO 30

<211> LENGTH: 36

<212> TYPE: DNA

<213> ORGANISM: Saccharomyces cerevisiae

<400> SEQUENCE: 30

ccaagcttat cgggctgatt accagacatc ttettg 36
<210> SEQ ID NO 31

<211> LENGTH: 36

<212> TYPE: DNA

<213> ORGANISM: Arabidopsis thaliana

<400> SEQUENCE: 31

ccggatceccece atgtectett cttettette gtcaac 36
<210> SEQ ID NO 32

<211> LENGTH: 34

<212> TYPE: DNA

<213> ORGANISM: Arabidopsis thaliana

<400> SEQUENCE: 32

ccetegaggt gagtgtgtgg cttcaatagt tteg 34
<210> SEQ ID NO 33

<211> LENGTH: 40

<212> TYPE: DNA

<213> ORGANISM: Rhodobacter capsulatus

<400> SEQUENCE: 33

cegetegage ggatgaccct gcaatctcaa acagctaaag 40
<210> SEQ ID NO 34

<211> LENGTH: 30

<212> TYPE: DNA

<213> ORGANISM: Rhodobacter capsulatus

<400> SEQUENCE: 34

gcggatccett aagcaggtgg atcggcagcet 30
<210> SEQ ID NO 35

<211> LENGTH: 35

<212> TYPE: DNA

<213> ORGANISM: Arabidopsis thaliana

<400> SEQUENCE: 35

tgccatggca atggcgecac aagaacaagce agttt 35

<210> SEQ ID NO 36



US 9,404,129 B2

73

74

-continued

<211> LENGTH: 36
<212> TYPE: DNA
<213> ORGANISM: Arabidopsis thaliana

<400> SEQUENCE: 36

geggatccece ttcacaatce atttgctagt tttgec

<210>
<211>
<212>
<213>

SEQ ID NO 37

LENGTH: 37

TYPE: DNA

ORGANISM: Arabidopsis thaliana
<400>

SEQUENCE: 37

ttgcggcege aaatctegat cccgegaaat taatacg
<210> SEQ ID NO 38

<211> LENGTH: 36

<212> TYPE: DNA

<213> ORGANISM: Arabidopsis thaliana
<400> SEQUENCE: 38

cgctegagee ttcacaatce atttgetagt tttgec

36

37

36

The invention claimed is:

1. A method for producing resveratrol or an oligomeric or

glycosidically-bound derivative thereof comprising:

a) cultivating a recombinant micro-organism comprising
an engineered operative metabolic pathway producing
resveratrol or an oligomeric or glycosidically-bound
derivative thereof in a culture media comprising a car-
bon substrate from which the micro-organism can pro-
duce resveratrol, wherein the culture media does not
require an external source of coumaric acid, and wherein
the operative metabolic pathway produces:

1) 4-coumaric acid from L-phenylalanine catalysed by a
phenylalanine ammonia lyase (PAL) and a cinnamate
4-hydroxylase (C4H) expressed in the micro-organ-
ism or from tyrosine catalysed by a phenylalanine
ammonia lyase (PAL) or a tyrosine ammonia lyase
(TAL) expressed in said micro-organism; and

i1) 4-coumaroyl-CoA from 4-coumaric acid catalysed by
a 4-coumarate-CoA ligase (4CL) expressed in said
micro-organism; and

iii) resveratrol is produced from the 4-coumaroyl-CoA
by a resveratrol synthase expressed in the micro-or-
ganism; and

b) recovering the resveratrol or the oligomeric or glycosid-
ically-bound derivative thereof from the culture media.

30
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2. The method of claim 1, wherein the micro-organism is
fungi.

3. The method of claim 2, wherein the fungus is yeast.

4. The method of claim 3, wherein the yeast is from the
genus Saccharomyces.

5. The method of claim 1, wherein the carbon substrate is a
fermentable carbon substrate.

6. The method of claim 5, wherein the fermentable carbon
substrate is monosaccharides, oligosaccharides or polysac-
charides.

7. The method of claim 5, wherein the fermentable carbon
substrate is glucose, fructose, galactose, xylose, arabinose,
mannose, sucrose, lactose, erythrose, threose or ribose.

8. The method of claim 1, wherein the carbon substrate is a
non-fermentable carbon substrate.

9. The method of claim 8, wherein the non-fermentable
carbon substrate is ethanol, acetate, glycerol and lactate.

10. The method of claim 1, wherein the resveratrol or the
oligomeric or glycosidically-bound derivative thereof recov-
ered from the culture media comprises a nutraceutical in a
dairy product or a beverage.

11. The method of claim 1, wherein at least 0.44-0.53 ug of
resveratrol per gram dry weight of the recombinant microor-
ganism is produced.



